
 

 
 
 
 
 

VRIJE UNIVERSITEIT 
 

 
 
 

RATIONAL USE OF MEDICINES: ANALYTICAL ASSESSMENT AND 

NANOTECHNOLOGY BASED ALTERNATIVES 

 
 

 
 
 
 
 

ACADEMISCH PROEFSCHRIFT 
 

ter verkrijging van de graad Doctor 
aan de Vrije Universiteit Amsterdam, 

op gezag van de rector magnificus 
prof.dr. V. Subramaniam, 

in het openbaar te verdedigen 
ten overstaan van de promotiecommissie 
van de Faculteit der Bètawetenschappen 

op vrijdag 3 mei 2019 om 9.45 uur 
in de aula van de universiteit, 

De Boelelaan 1105 
 
 
 
 
 
 
 
 
 
 

door 
 

Faten Farouk Abdelfattah Awad 
 

geboren te Gizeh, Egypte 
 

 
 
 
  
  



 

 
 
 
 
promotor: prof.dr. W.M.A. Niessen  

 

  
copromotor: dr. H.M.E. Azzazy 

 

 
 



 

 

 

 

 

Rational use of medicines: Analytical 

assessment and nanotechnology based 

alternatives 

 

 

 

 

 

 

 

 

Faten Farouk 

 



Reading committee:  prof.dr. G.W. Somsen 

prof.dr. M. Honing 

prof.dr. R. Mathôt 

dr. M.A. Giera 

dr. P. Krystek 

Rational use of medicines: Analytical assessment and nanotechnology based alternatives 

ISBN 978 94 92597 24 3

Copyright © 2019 FatenFarouk. All rights reserved. 

No part of this thesis may be reproduced, stored in a retrieval system or transmitted in any 

form of by any means, without written permission of the author or, when appropriate, of 

the publishers of the publications. 



Rational use of medicines: Analytical assessment and nanotechnology based 

alternatives  

List of Contents 

 

Section I 
 

1  Introduction and scope 
 

3 

2a  Challenges in the determination of aminoglycoside antibiotics, a review. 
  

21 

2b  Update (2015 – 2018) on challenges in determination of aminoglycosides, a mini 
review. 
 

47 

3a  LC–MS/MS assay for assessing medical adherence in patients under warfarin 
maintenance therapy. 
 

57 

3b  Comparing the impact of patient physiological and adherence variations on 
adequacy of coagulation monitoring: Application to patients under maintenance 
therapy. 
  

75 

4  Simultaneous UPLC‐MS/MS determination of antiepileptic agents for dose 
adjustment. 
 

91 

5  A UPLC‐MS/MS screening method for detection of drugs that may interact with 
emergency department medications. 
  

109 

6  Evaluation of FTIR as an easy and green detection method of antibiotic 
contamination in meat. 
 
 

123 

Section II 
 

7a  Magnetic iron nanoparticles extraction coupled to FTIR determination of 
aminoglycosides. 
 

147 

7b  Effect of surface charge and hydrophobicity modulation on the antibacterial and 
antibiofilm potential of magnetic iron nanoparticles. 
 

165 

8  Synthesis of magnetic iron oxide nanoparticles using pulp and seed aqueous extract 
of Citrullus colocynth and evaluation of their antimicrobial activity. 
 

187 

9  Summary and future perspectives. 
 

201 

 

   



 



Chapter 1 

Introduction and Scope





Chapter1

Introduction

Irrational use of medicines and its implications

appropriate 
indication Appropriate drug

Appropriate patient

Appropriate 
information appropriate monitoring

Rational use of medicine 

is when patients receive 

medications appropriate to 

their clinical needs, in 

doses that meet their own 

individual requirements, 

for an adequate period of 

time, and at the lowest cost 

to them and their 

community
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Major contributors to IRM 
1. Physician, pharmacists and health system related: 

Prescribing medicines without weighing  cost-effectiveness and efficacy 
Prescribing and procurement of unnecessarily expensive drugs 
Unavailable medicines 
Failure to prescribe medicines following standard guidelines 
Poor dispensing practices 
Improper patients education 
Poor control over herbal medications adulteration 
Poor monitoring over multiple prescribers and poly-pharmacy 

2. Patient related: 
Defective patient adherence to dosing schedules and treatment regimens 
Self-medication 
Overuse or underuse of antibiotics 
Irrational use of herbal medicines
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Staphylococcus aureus

Consequences of irrational use of 
medicines 

Inadequate therapeutic 
effectiveness 
Adverse drug reactions 
Preventable side-effects  
Drug-drug, Drug-food and 
drug-disease interactions 
Increasing resistance of 
pathogens   
Financial burden on both the 
patient and his healthcare 
system 
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Classes of medicines most liable and sensitive to irrational use of medicine

Antibiotics

In 1928, at St. Mary's Hospital, London, Alexander 

Fleming discovered penicillin. This discovery led to the 

introduction of antibiotics that greatly reduced the number 

of deaths from infection. Howard W. Florey, at the 

University of Oxford working with Ernst B. Chain, 

Norman G. Heatley and Edward P. Abraham, successfully 

took penicillin from the laboratory to the clinic as a 

medical treatment in 1941. The large-scale development of 

penicillin was undertaken in the United States of America 

during the 1939-1945 World War, led by scientists and 

engineers at the Northern Regional Research Laboratory 

of the US Department of Agriculture, Abbott Laboratories, 

Lederle Laboratories, Merck & Co., Inc., Chas. Pfizer & 

Co. Inc., and E.R. Squibb & Sons. The discovery and 

development of penicillin was a milestone in twentieth 

century pharmaceutical chemistry.” 

“The thoughtless person 
playing with penicillin 
treatment is morally 
responsible for the death 
of the man who succumbs 
to infection with the 
penicillin-resistant 
organism.”  

7



  Chapter1
  
  

 
 

Such clinical misuse of ABs in addition to its non-clinical use in animal husbandries as growth 
promoters and prophylactic agents and its irrational disposal in to environment had led to the 
development of AB resistance, which is a major global health concern [38].  

Infections associated with antibiotic-resistant bacteria are emerging as a major public-health 
concern worldwide. According to the Center of Disease Control and Prevention (CDC), annual 
multidrug-resistant Staphylococcus aureus (MRSA) infections and MRSA-related deaths are 
increasing despite the solid measures governed by WHO and other authorities. The hugely 
multiplying bacteria are capable of developing antibiotic resistance via the alteration or 
inactivation of antibiotic or its target site, modulation of metabolic pathways, reduction of 
antibiotic entry and/or maximizing clearance from the cell [39]. New resistance mechanisms are 
frequently emerging. Antibiotic resistance threatens the ability to prevent and control infectious 
diseases caused by bacteria. Around 480 000 new cases of multidrug-resistant tuberculosis were 
identified in 100 countries in 2013 [40, 41].  

To combat such resistance, there is a constant need for the discovery of new antibiotics to cope 
with the ability of bacteria to mutate and develop resistance. FDA encourages the development of 
new antibiotics to fight the resistance among other measures taken for preserving antibiotic 
usefulness. Despite that, there is a reduction in the number of new ABs approved by the FDA.  
This may be due to the economic and regulatory challenge met by the pharmaceutical industry for 
approving a new ABs [42]. It is worth pointing out the production cost of a new AB is relatively 
high as compared to other drug molecules. This is because a- the AB is used for a relatively short 
time in contrast to an anti-diabetic or an anti-hypertensive molecule or any drug used against a 
chronic disease; b- the new AB is usually marketed at low price; c- new ABs are always preserved 
as last-line option for treatment and older ones are used for keeping their efficacy for a longer 
duration; d- there is a chance of fast development of resistance which is reflected as a case of 
economic uncertainty that is unappreciated by pharmaceutical industries [42]. This situation had 
forced the pharmaceutical industries to exit the antibiotic research one by one. The last one to exit 
was Novartis in 2018.  

In addition to the global effect, the use of ABs can affect the pharmacokinetics and 
pharmacodynamics of many other (prescribed) drugs. For instance, the use of ABs can affect the 
microbial flora that produces vitamin K. By this, it can affect the activity of vitamin K antagonists 
(oral anti-coagulants).  

ABs assessment and TDM in plasma for cases where it affects drug kinetics may improve the 
therapeutic outcomes. Meanwhile, controlling the irrational use of ABs implies the development 
of food and environmental AB detection and filtration methods to assess and cease misconduct in 
use or disposal of AB. On the other hand, development of new AB alternatives or novel combating 
techniques may improve the situation.  

8
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Sex	enhancer	drugs		

The most widely used class of sex enhancers are phosphodiesterase type 5 inhibitor (PDEi 5). They 
are approved for the treatment of erectile dysfunction (ED). They work by selective inhibition of 
phosphodiesterase type 5 (PDE5) which is selectively abundant in both erectile and lung tissues. 
Upon sexual stimulation, nitric oxide (NO) is released from nerve endings and endothelial cells in 
the spongy erectile tissue which results in conversion of guanosine triphosphate (GTP) into cyclic 
guanosine monophosphate (cGMP). The later induces vasodilatation and increases blood flow to 
the penis leading to an erection after which it is hydrolyzed by PDE5 into the GMP.  Sildenafil 
(SLD) acts by inhibition of PDE5, leading to an increase in cGMP level.  Similarly, PDE5 causes 
a cGMP mediated vasodilatation and a decrease in the pulmonary blood pressure [43, 44]. In 
addition to the treatment of ED, PDE5 inhibitors are also indicated for the treatment of pulmonary 
hypertension. Next to SLD, this class includes tadalafil, and vardenafil.   

With the prevalence of ED, the recreational use of PDE5 inhibitors (especially SLD) is increasing. 
It is worth pointing out that ED is highly prevalent among men of various ages. At least 22 % of 
men suffer ED. Severe and complete ED affects 10% of male in age range of 40 – 70 years. This 
incidence is raised to 49 % by the age 70. Even men below forty years (5 – 10 %) may suffer from 
ED [45]. Such high prevalence had resulted in irrational use of SLD and other sex enhancers in 
many areas in the world. The situation is more problematic in developing economies where strict 
control over drug dispensing is lacking. However, with the increase of online pharmacies, the 
situation is extended to developed countries as well. This recreational use of this class of 
compounds had become a public health concern [46]. It is worth pointing out that these agents are 
available by prescription only in many countries. However, OTC availability is a common practice. 
Herbal medications are very popular alternative male enhancing agents but many cases have been 
reported that herbal agents were fortified by undeclared drugs such as SLD and its analogues [47, 
48].  

Although generally a safe drug, SLD is liable to numerous DDI which may be exaggerated to life-
threatening complications. A wrong co-administration with a NO releasing (for instance at 
emergency departments) compound may result in excessive accumulation of cGMP that causes 
relaxation of smooth muscle cells in blood vessels and may ultimately cause a life-threatening 
hypotension [49, 50]. Additionally its co-administration with CYP inhibitors will result in 
amplification of SLD dose. This is because SLD is predominantly metabolized by the CYP450 
3A4 into the less active and excretable N-desmethyl sildenafil. The CYP inhibitors may increase 
the Cmax of SLD by 2.60 folds and decrease the Cmax of its metabolite [51]. Other important DDI 
of SLD is its interaction with anti-epileptic drugs (AED) where SLD on its own may have a pro-
convulsant activity, thus its consumption may affect the empirical dose adjustment of AED which 
is majorly based on clinical situation of the patient [52, 53]. meanwhile SLD may affect AED 
metabolism and transport due to its  inhibition of  CYP450 and MRP5 (multidrug resistant protein 
5) transport protein (Figure 3) [54].

9
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Figure 3: Illustration of the pharmacological action of SLD on the treatment of ED and 
pulmonary hypertension, with and without the co-administration of a CYP inhibitor 

 

Vitamin	K	antagonist	anticoagulants		
Warfarin (4-hydroxy-3-(3-oxo-1-phenylbutyl) coumarin; WRN) interferes with the coagulation 
events by working as a vitamin K antagonist. It inhibits the vitamin K reductase enzyme, resulting 
in depletion of the reduced form of vitamin K (KH2), a cofactor for the carboxylation of glutamate 
residues on the N-terminal regions of vitamin K-dependent proteins (factors II, VII, and X), which 
in turns leads to a reduced prothrombin level and consequently a reduced amount of thrombin 
bound to fibrin (Figure 4).  
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Figure 4: Illustration of WRN mechanism of action 

WRN is given to patients at risk of thrombosis due to a mechanical heart valve, atrial fibrillation, 
clotting disorders, or at a higher risk of a clot after hip or knee surgery. It is also administered to 
patients who have developed a blood clot, including stroke, heart attack, pulmonary embolism or 
deep vein thrombosis to prevent future incidents [55].  

Despite being an efficient drug, WRN suffers from having a narrow therapeutic index and highly 
variable pharmacokinetic profile. Such variations in the drug pharmacokinetics result in WRN-
associated side effects which are mainly reflected as either a hypo-coagulation resulting into an 
uncontrolled bleeding or a hypercoagulation state.  

It is worth pointing out that drugs affecting blood coagulation are among therapeutic classes mostly 
reported with ADE [15, 56, 57]. Hospital admissions involving antithrombotic complications 
accounted for 2.2, 6.38, 17.6, 18.3, and 21.8% of all ADE-related hospital admissions in the 
Netherlands [58], Spain [59], United States [60], Germany [61], and France [62], respectively.  

11
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WRN response is affected by the patient genetic and physiological profile. Variability in WRN 
response may result from pathological variations and compromised patient compliance factors in 
terms of adherence to medication schedule and avoidance of DDI (Figure 5).  Pathological 
conditions and patient incompliance result into failure to achieve the target international 
normalized ratio (INR, a laboratory measurement on how long it takes blood to form a clot) in 40 
– 50 % of the patients under maintenance therapy [63].  Monitoring patient compliance may 
improve WRN response. 

 

Figure 5: Factors affecting WRN response 
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Scope	of	the	Thesis	
The thesis consists of 2 parts. Part 1 describes the development and application of analytical 
methods for assessing rational use of medicine. Chapter 1 represents the introduction and problem 
statement. In chapter 2, a review on the AB abuse (as an example of drugs liable to irrational use) 
with special focus on aminoglycosides is presented. Furthermore, we review and summarize the 
challenges and solutions for the analysis of aminoglycosides [64].  

In Chapter 3a, we recruit LC-MS/MS for the assessment of irrational use of ABs along with other 
drugs liable to irrational use (namely NSAIDs and steroids). The application of the developed 
method is focused on patients under WRN therapy. This is due to their special sensitivity to DDI 
and inappropriate patient adherence [65]. 

Chapter 3b is an extension of chapter 3. Attention is paid to understanding the physiological and 
pathological status of Egyptian patients on WRN maintenance therapy and comparing the impact 
of patient’s physiological and adherence variations on adequacy of coagulation monitoring [66]. 

Chapter 4 mainly focuses on the assessment of irrational use of sex enhancers specially the widely 
famous SLD. An analytical method for TDM and dose adjustment of AED in presence and absence 
of inadvertent use of SLD is developed [67]. In Chapter 5, an analytical method for detection of 
drugs liable to interaction with medications given at emergency departments (MED), e.g. SLD and 
CYP inhibitors, is developed for application in emergency departments prior to administration of 
MED.  

In Chapter 6, we tackle the abuse of ABs as growth promoters. We report the development of a 
simple analytical method for the determination of ABs in animal-based food, especially kidney 
tissue. The method is designed to be applicable by slaughtering house workers and it can give 
indication about the presence and absence of ABs in meat samples with minimal sample 
preparation techniques.  

In Part 2 of this thesis, we investigate the recruitment of nanoparticles as a cheap alternative to 
AB use and analysis. In Chapter 7a MNPs were synthesized and their surface properties were 
investigated. The particles were investigated as a possible dispersive solid phase extraction 
material (DSP) due to their inherent negative charge and magnetic responsive properties. Chapter 
7b deals with functionalization of magnetic iron-oxide nanoparticles (MNPs) and understanding 
their corresponding surface properties and capturing ability. Then, the effect of surface charge and 
hydrophobicity modifications on the affinity of MNPs to different types of bacteria is investigated. 
The effect of such affinity on the inhibiting bacterial growth and biofilm formation is tested. The 
study demonstrates that surface functional groups on the MNPs that induce positive charge or 
impart hydrophobicity can improve the antibacterial and antibiofilm activities, possibly by 
changing the interaction at the MNPs–bacteria interface. Such antibacterial activity can be used 
for treatment of liquid systems with the possibility of magnetic aided recollection from the 
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environment. Moreover, coating surfaces with such materials can inhibit the ability of bacteria to 
attach to these surfaces via biofilm formation. Finally, the demonstrated capturing efficiency of 
bacteria by modified MNPs can be further developed  to a bacterial filter system [68]. Chapter 8 
is an extension to chapter 7 but in this chapter MNPs are synthesized by a green synthesis protocol. 
In addition, their antibacterial activity is investigated on a wider range of microorganisms.  
Conclusions and future perspectives can be found in chapter 9.  
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a b s t r a c t

Residues of antibiotics (ABs) in the aquatic environment and in food of animal origin represent a major
concern, as prolonged exposure to ABs is a serious health hazard, related to both the side effects of
prolonged use and the risk of developing bacterial resistance to various ABs. Given the low levels of the
AB residues in complex matrices, the development of sensitive analytical methods represents a major
challenge. This is certainly true for the aminoglycoside ABs (AGs) which lack a chromophore and show
poor chromatographic properties in reversed-phase liquid chromatography. This paper reviews the
current state of the art in the determination of AGs. Attention is paid to extraction, sample clean-up,
chromatographic separation, and detection of AGs in both environmental and food samples and in
plasma and serum. A general workflow for the analysis of AGs is presented which takes into account the
matrix and required level of information.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Aminoglycosides (AGs) are broad-spectrum antibiotics (ABs)
that are used against Gram-positive and Gram-negative bacteria.
Their history goes back to 1943 with the discovery of streptomycin
[1]. AGs are produced by various species of Streptomyces and
Micromonospora bacteria. AGs derived from Streptomyces species
are given the suffix “mycin”, while those derived from Micro-
monospora are given the suffix “micin”. In addition, there are semi-
synthetic products such as netilmicin, arbekacin, isepamicin, and

dibekacin [2]. Their general structure is characterized by two or
more aminosugars linked by glycosidic bonds to an aminocyclitol
scaffold. Two types of aminocyclitol scaffolds are found: streptidine
or deoxystreptamine (Fig. 1). The latter is more abundant [3,4]. The
structures of some important AGs are given in Table 1.

AGs (and its related substances) possess oto- and nephrotoxicity
which, due to its low cost, did not hinder the widespread use of AGs
in therapeutic and veterinary applications. Because of this, AG
residues are abundant in the environment [5]. The analysis of AGs is
challenging due to the lack of a chromophore, which prevents

Fig. 1. Chemical classification of aminoglycosides.
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Table 1
Structural classification of some aminoglycoside.

Streptidine derivatives Streptomycin

Dihydrostreptomycin

Deoxy-streptamine derivatives 4,5-Substituted Neomycin

Paromomycin

Ribostamycin

(continued on next page)

F. Farouk et al. / Analytica Chimica Acta 890 (2015) 21e43

23



direct determination by UV absorption. Advancement in the
detection technologies for liquid chromatography (LC) such as the
use of pulsed amperometric detectors (PAD), evaporative light-
scattering detection (ELSD) and tandem mass spectrometry (MS/
MS) made their determination possible to some extent. However,
these advanced techniques are not applicable in poor economies
and developing countries, as these techniques are too expensive
and require highly trained personnel. The total number of LCeMS/
MS instruments is limited in these countries and their use is mostly
restricted to cost-worthy bioequivalence studies. The LCePAD is
even rarer in these countries, butmuch less expensive than LCeMS/
MS.

In this paper, we critically review the analytical methods in use
for AGs. After briefly discussing the pharmacology and toxicity, the
challenges in the analytic method development are addressed.

2. Application, pharmacology and toxicity of aminoglycosides

AGs have a poor systemic absorption. Therefore, they are
administered by injection or topically in ointments, creams, ear
drops, and nasal drops.

In veterinary applications, AGs as well as other ABs are not only
administered for their bactericidal or static properties, but also (at
sub-therapeutic doses) as a growth promoter, especially in young
growing animals and poultry [6], and to prevent possible infection.
This type of administration has been strictly forbidden within the
European Union (EU) since 2006, mainly because of the risks of
allergic and physiological problems that might directly occur to
consumers and indirectly in causing AB resistance (McDonalds has

recently announced it will sell antibiotics-free chicken within two
years in its US restaurants [7]). ABs may also be used either directly
or indirectly during the production, processing and storage of milk
and milk products.

AGs have a narrow therapeutic window, e.g., 2e10 mg mL�1 for
tobramycin [8], and their pharmacokinetics may vary from one
person to another according to differences in renal function and
tissue distribution. Therefore, close monitoring of the serum level is
required to minimize potential toxic effects, especially in patients
with renal impairment [9] and in long-term treatment, as AGs
accumulate in tissues [8].

The toxicity of AGs includes (usually reversible) nephrotoxicity,
(irreversible) ototoxicity in the cochlea and vestibular organs and,
rarely, neuromuscular blockade and hypersensitivity reactions.
Streptomycin and gentamicin are primarily vestibulotoxic, causing
dizziness, ataxia, and/or nystagmus, whereas amikacin, neomycin,
dihydrosterptomycin, and kanamycin are primarily cochleotoxic,
causing permanent hearing loss [10]. The polycationic nature of the
AGs causes poor oral absorption, poor penetration into cerebro-
spinal fluid, and a rapid renal clearance. However, the polycationic
charge may also contribute to their nephrotoxicity [8,10].

3. Analytical challenges in aminoglycoside determination

The analysis of AGs is important for a number of applications,
i.e., residue analysis in food of animal origin (food safety) and, given
its frequent use in veterinary applications, in environmental sam-
ples such as different water compartments and soil. In addition,
analysis of AGs and their related products is important in drug

Table 1 (continued )

4,6-Disubstituted Kanamycin

Tobramycin

Gentamicin
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formulations and in therapeutic drug monitoring (TDM) in body
fluids and tissues.

Given these application areas, chromatographic separation
methods play an important role in the analysis of AGs. Next to the
application-related problems, outlined below, there are some
general issues. AGs are highly polar compounds, present in poly-
ionic form in aqueous liquids. Thus, extraction and/or pre-

concentration are difficult to achieve. In conventional reversed-
phase LC (RPLC), the AGs show little interaction and thus little
retention. In addition, the AGs do not have a chromophore or flu-
orophore, thus ruling out the use of common UV and fluorescence
detectors.

Table 2
MRL of some aminoglycosides in various food (defers for CODEX for vet drugs) [11].

Active ingredient Species or product Market commodity (mg kg�1)

Kidney Fat, liver, muscle Milk Eggs

Dihydrostreptomycin Cattle 1000 600 200
Hogs 1000 600
Sheep 200

Neomycin Cattle 10,000 500 1500
sheep 10,000 500 1500
Pig 10,000 500
Turkey 10,000 500

Spectinomycin Cattle 1000 600
Chicken 5000 2000 (fat and liver)

500 (muscle)
Streptomycin Chicken 1000 600

Pig 1000 600
Gentamicin Cattle 5000 100 (muscle, fat)

2000 (liver)
200

Pig 5000 100 (muscle, fat)
2000 (liver)

Avilamycin Turkey 200 200 (muscle, fat)
300 (liver)

Chicken 200 200 (muscle, fat)
300 (liver)

Pig 200 200 (muscle, fat)
300 (liver)

Rabbit 200 200 (muscle, fat)
300 (liver)
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Fig. 2. Environmental contamination with antibiotics.

F. Farouk et al. / Analytica Chimica Acta 890 (2015) 21e43

25



3.1. Residues in food substances

AB residues in food are a challenge because inmany cases the AB
species is unknown and the expected levels are also unknown.
Thus, screening to determine the presence and identity of AB is
needed prior to its quantitative determination. This represents
challenges in both the extraction of AB residues as well as their
detection and quantitation. In this review, we also pay some
attention to AG residue analysis in developing countries, where
strict documentation and efficient regulatory agencies in relation to
food safety are less common than for instance in the EU.

In the past, some countries have proposed a zero limit of AB
residue in food products. Currently, maximum residual limits
(MRLs) have been established, providing compromises between
producer and consumer benefits. Some typical MRL values, estab-
lished by the EU and FDA, for the AG residues in milk, edible tissues,
honey and other food stuff are given in Table 2 [11]. To reinforce this
regulations and for its application in developing economies, cheap,
fast and to a great extent inclusive methods are needed that can
decrease the number of samples and simplify the analytical tech-
nique for instant grading and prohibition of food containing ABs
above the MRL.

Analytical methods for monitoring AB residues in food stuff can
be classified as screening methods, in which its detection limit
must be lower than the MRL of the analyte, and quantitative
methods.

3.2. Residues in water compartments

AGs are excreted unchanged from human and animal bodies. In
addition, the intentional and unintentional disposal of AGs from the
pharmaceutical industry and hospital sewage increases the level of
contamination of sewage and surface water [12]. Generally, only
half of the prescribed drugs are removed by sewage water treat-
ment plants according to the report by the International Joint
Commission [13] (Fig. 2). Appropriate dealing with sewage water
and hospital waste water is a critical problem in developing econ-
omies due to technical, health and environmental shortcomings
among many of the sector stake holders. AB residues in sewage
water represent a great risk in the development of AB resistant
species. AB residues may destroy the aquatic environment [12].

In the analysis of sewage and surface waters, pre-concentrating
sample preparation procedures are required to reach detectable
levels of AG residues. As an example, solid-phase extraction of
gentamicin on a weak cation exchanger had been applied for
determination of gentamicin in hospital water [14].

Analytical technologies for residue analysis of AGs, both in food
and environmental samples, often involve immunoassays for
screening and LCeMS for quantification and confirmation of iden-
tity. Immunoassay (ELISA) was reported for the determination of
gentamicin, neomycin, streptomycin, and dihydrostreptomycin in
milk and kidney tissue [15]. For AGs, lacking a chromophore,
spectrophotometric methods can only be applied after chemical
derivatization of the analytes [16e19]. This type of fast and rela-
tively simple tests, requiring little advanced instrumentation, can
only be applied to not-too-complex matrices. They provide a
limited dynamic range, usually not down to residue level (ng kg�1).
Therefore, methods including LC are more appropriate.

3.3. Impurity profiling and identification

Many of the aminoglycosides are actually composed ofmixtures.
Neomycin, for instance, generally is a mixture of neomycin A
(neamine), neomycin B (framycetin), neomycin C, as well as neo-
mycins D (paromamine), E (paromomycin I) and F (paromomycin

II). Neomycin LP-A (3-acetyl neamine) and LP-B (mono-N-acetyl
derivatives of neomycins A and B) can also be found. Of these, the
neomycin B and neomycin C are the most active species. The Eu-
ropean Pharmacopoeia limits the neomycin C content in neomycin
to 3e15% [20]. Other AGs may also contain several associated
related substances, some of which may even be still undiscovered
and/or difficult to separate. Serious research has to be done in that
area.

Impurity profiling may be even more important for developing
countries, where local pharmaceutical industries preferably
import the active ingredients, often from the least expensive
source with minimal acceptable quality, and only formulate them
into a final pharmaceutical product. Thus, the bulk material may
contain impurities ranging from synthetic starter materials, re-
agents, solvents, intermediate compounds to degradation prod-
ucts. Many of these potentially harmful components will not be
detected by the available analytical methodologies, which in the
case of AGs are even more demanding, as the separation of the
isomeric impurities still is challenging, even when sophisticated
technology is used.

Analytical technologies for impurity profiling of AGs in practice
very much rely on advanced technologies, such as LCeMS, LCePAD
and LCeELSD. Chromatographic and non-chromatographic
(immunoassay, spectroscopic and microbiological) methods are
reported for AG determination. Microbiological assays are generally
excellent regarding their specificity. It also provides insight in the
effectiveness of the drug molecule [21]. A microbiological assay for
neomycin sulfate is recommended by the WHO [22].

3.4. Clinical determination

AGs are an old group of ABs with known ototoxicity, neph-
rotoxicity and some neuromuscular toxicity issues. However, to
date they are clinically used against serious infections by gram
negative bacteria due to the relatively low resistance developed
against it.

Given the narrow therapeutic window, TDM is important in AG
therapy in order to adequately maintain an active plasma concen-
tration of AG against bacteria and meanwhile avoid its associated
toxicity. The ratio between the therapeutic and toxic plasma con-
centration of AG is critical [8]. Furthermore, clearance of AG mainly
depends on the kidney function, thus individual variation in the
pharmacokinetics of AG exists due to difference in renal function
and tissue distribution, e.g., in patients with kidney disease or
elderly patients with impaired kidney functions [8]. Thus, a suitable
method for the plasma monitoring of AGs must be readily available
at hospitals and points of care [8].

Relevant plasma concentrations in AG therapy are the peak
plasma concentration (Cmax), which is the maximum plasma level
reached after dose administration, and the trough concentration,
which is the minimum plasma concentration before the next dose
is administered. The trough level is used to ensure adequate
clearance of AG from the kidney. If optimum trough level is not
reached, the treatment regimen should be revised to avoid AG
toxicity.

AG therapy generally involves either a preventive one-dose
administration for surgical prophylaxis, an empirical therapy in
which the illness is severe and pathogen is unknown (2 days
therapy), or a directed therapy in which the pathogen is known
(long duration therapy of >3 days). The latter may involve different
dosing regimens (extended, traditional and synergistic regimens).
Generally, the plasma level should be monitored if the AG program
is prolonged over 3 days (direct therapy). Sampling time largely
depends on the dosing regimen [23e30].

In an extended dose regimen, one sample is recommended
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6e14 h after the dose. Additional samplingmay be done prior to the
second dose (trough) to assure adequate clearance of the first dose.
For traditional as well as synergistic regimens, both peak levels and

trough levels are monitored. Sampling for peak level determination
should be 30 min after the end of the infusion while for trough
levels sampling should be “within 30 min” prior the next dose.
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Fig. 3. A summary of the AG therapy regiments and their therapeutic monitoring requirements [23e31].
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Sampling of extended dose regimen should be done after the first
dose while that of the traditional and synergistic regimens are
better after the third dose [23,25,29,31]. Fig. 3 summarizes the AG
therapy regimens and their corresponding TDM recommendations.

According to the American Society of Health System

Pharmacists, the desired plasma/serum levels of gentamicin and
tobramycin in a traditional regimen should be 8e10 mg mL�1

(10e12 times the minimum inhibitory concentration (MIC) of the
infecting organism) and <2 mg mL�1 for peak and trough concen-
trations, respectively, while in a synergistic regimen they should be
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Fig. 4. Suggested workflow for analysis of AG in different matrices. TCA; Trifluoroacetic acid (TFA); Solid phase extraction (SPE); Hydrophilic interaction liquid chromatography
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3e5 mg mL�1 and <1 mg mL�1, respectively. In the extended dose
regimen, the peak concentration should be 10e12 times MIC of the
infectious organism while the trough level should not exceed
1 mg mL�1. For amikacin, the desired peak concentration is
30e40 mg mL�1 (10e12 times MIC of infecting organism), while the
trough level should not exceed 7 mg mL�1 in both traditional and
one-dose regimens [28].

More recently, two sample measurements have been recom-
mended to calculate the pharmacokinetic parameters of AG using
computerized models, such as Aladdin®, TCIWorks®, or SeBagen®,
to enable quick calculation of future dose based on the obtained
information rather than dose adjustment based on measured peak
and trough level which includes a trial and error period until
adequate levels are reached [25,29].

4. Extraction and clean-up methods

General steps for the extraction of AGs from the relevant
matrices involve sample homogenization, protein precipitation
using acid or an organic solvent, mechanical shaking or sonication
for release of adsorbed AGs into solution, separation of the pre-
cipitate and the liquid phase, clean-up of the extracts using solid-
phase extraction (SPE) to remove the acid or salt ruminants,
defatting using n-hexane, and possibly pre-concentration steps.
Fig. 4 shows a general workflow of AG analysis in different matrices
and for different application areas, highlighting the different
technologies that are discussed in more detail in this paper. This
section discusses general extraction and clean-up procedures
applied in the relevant application areas.

A typical method for the extraction of AGs from muscle, milk
and kidney (poultry, swine, equine, and bovine) involves extraction
using an extraction solvent containing trichloroacetic acid (TCA)
and EDTA, sample clean-up by SPE, pre-concentration using evap-
oration to dryness of the eluate from the SPE cartridge, and
reconstituted in a smaller solvent volume [32]. A typical protocol
starts by adding 10 mL of the extraction solution (2% TCA and 0.1%
Na2EDTA$2H2O in water) to the sample, vortexing, agitating and
subjecting it to an ultrasonic bath for 5 min prior to centrifugation.
The supernatant is collected in a 15-mL vial. For clean-up of the
extract, SPE is applied, for instance a Chromabond HR-X cartridge,
which is first conditionedwith 5mL of methanol, 5 mL of water and
5 mL of extraction solution. Then, the collected extract (12 mL) is
applied. After washing with 1 mL of water, the cartridge is dried for
30 min in an air stream. Analytes are eluted with 6 mL of methanol.
The eluate is evaporated to dryness under nitrogen in a TurboVap
evaporator at 40 �C. The residue is re-dissolved in 0.5 mL (muscle,
milk) or 1.0 mL (kidney) of water, centrifuged and transferred into a
polypropylene LC vial [32]. The use of polypropylene instead of
glass vials is important to avoid losses due to adsorption at the glass
surface. The typical recovery of AGs ranged from 94 to 103% [32].
Describedmodifications of this method involve somewhat different
concentrations and amounts of extraction solutions. Also, different
SPE materials have been applied, such as a weak cation-exchange
carboxypropyl SPE cartridge [33], a cation-exchange cartridge
(BakerBond SPE Wide Pore CBX [34] or DSC-WCX cartridge from
Supelco [35]), a turbulent-flow pre-column (TurboFlow Cyclone P
(50 � 0.5 mm)) [36], and a polymeric phase (Bond Elute Plexa
cartridge from Agilent [37]). Very similar procedures were applied
for the extraction of AGs from honey [38] and apple [39], both
involving a Waters Oasis HLB SPE cartridge, and from fish, using a
Strata X-CW cartridge [40].

Streptomycin, gentamicin C1, neomycin B, amikacin, and kana-
mycin together with spectinomycin and ABs from seven other
classes were extracted from veal muscle using CH3CN/H2O (86:14,
v/v) followed by a defatting step using hexane liquideliquid

extraction [41].
Gentamicin and kanamycin were extracted from hospital

sewage water by passing 20e50 mL of water (pH 7e8) through a
pre-conditioned widepore Ansys CBX SPE cartridge at 50 mL h�1.
The cartridge is eluted with 1 mL of methanoleacetic acid (10:1, v/
v) into polypropylene vials. The extracts were evaporated to dry-
ness in a gentle nitrogen stream and reconstituted prior to injection
and analysis [14].

A molecular imprinted polymer (MIP) was synthesized by
polymerization of methacrylic acid and ethylene glycol dimetha-
crylate in the presence of streptomycin as template molecule.
Model AGs studied were streptomycin, gentamicin, spectinomycin
and dihydrostreptomycin. The MIP exhibited a recognizable ca-
pacity and specificity to the AG. TheMIP was grinded and packed as
an alternative packing material in SPE. The performance was tested
in combination with hydrophilic interaction chromatography
(HILIC). Recoveries for the four model AGs in honey samples ranged
from 90% to 110% [42].

In clinical applications, extraction of AG from plasma is typically
performed by two methods, i.e., protein precipitation and SPE.
Plasma protein precipitation involves the use of a precipitating
agent (organic solvent or acid). After ultracentrifugation, AGs are
analyzed in the supernatant, after evaporation and reconstitution
in a suitable solvent. As precipitating agents, either acetonitrile
[43e52], methanol [53], TCA [54e57], or heptafluorobutyric acid
(HFBA) [58] are used.

SPE (preceded with plasma protein precipitation) involves
conditioning of the SPE, loading of the sample, washing the car-
tridge, and then eluting the analyte. Selection of the solvent
composition for each step depends on the type of SPE cartridge
used. The eluate is evaporated to dryness and reconstituted
(mostly) in the mobile phase.

A typical example is in the use of Isolute® CBA carboxylate weak
cation exchange SPE cartridges (100 mg, 3 mL) (Mid Glamorgan,
UK) for the extraction of AGs from plasma. The cartridge was first
conditionedwith 2mLmethanol, followed by 2mL H2OeNH3 (25%)
(10:0.1, v/v). Plasma sample diluted 1:1 in water was loaded onto
the cartridge. The cartridge was washed with methanol and dried.
AG was then eluted from the cartridge using 1.0 mL of H2OeTFA
(10:0.1, v/v) [59].

Alternatively, Oasis MCX cartridges (30 mg, 1 mL) (Waters,
Milford, MA, USA) were used for the extraction of 6 AGs from
plasma. The cartridge was first conditioned with 1 mL methanol
and 1 mL water. After mixing with 9% formic acid (50:50, v/v), the
sample was loaded. Then, the cartridge was washed using 1 mL of
50% methanol in 9% formic acid and 0.7 mL water and finally eluted
with 0.8 mL 50% methanol in 25% ammonia. The eluate was then
evaporated to dryness at 70 �C and reconstituted into mobile phase
[60].

5. Liquid chromatographic methods

Determination of aminoglycosides can be performed either
directly, e.g., by spectrophotometric, immunochemical, or micro-
biological methods (see Section 7), or after LC separation. With
respect to the LC-based methods, there are two general challenges:
the lack of a chromophore and the poor retention in RPLC.

Because of the lack of a chromophore, UV or fluorescence
detection cannot be used, unless at a wavelength of 195 nm, which
is not applicable in complex (biological) samples. Instead, detection
should be achieved using electrochemical detection, especially
PAD, electrospray ionization mass spectrometry (ESI-MS), ELSD, or
charge aerosol detection (CAD). Detection by ESI-MS, ELSD or CAD
requires the use of volatile mobile-phase additives, including vol-
atile ion-pairing agents (IPRs). Detection using PAD requires post-
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column addition of NaOH to increase pH to 12. Alternatively, AGs
can be subjected to pre- or post-column derivatization to introduce
a chromophore or fluorophore, thus enabling UV/VIS or fluores-
cence detection.

Because of their highly polar character, i.e., in-solution proton-
ated species in the applicable pH range, AGs show poor retention
characteristics in RPLC. The use of ion-pair liquid chromatography
(IPLC) or HILIC seems to be the most straightforward ways to solve
this problem. HILIC is more readily combined with ESI-MS detec-
tion than IPLC. Alternatively, capillary electrophoresis (CE) can be
applied. Pre-column derivatization to introduce a chromophore
results in derivatives that can be analyzed using RPLC. Recently,
some studies utilized a mobile phase with high pH to render AG an
un-ionized molecule which shows retention in RPLC [61]. The
choice between these general approaches, summarized in Fig. 4,
largely depends on the specific application area. If the aim of the
analysis is the determination of degradation products or impurities,
derivatization may cause unwanted or unexpectedmodifications to
the unknown impurities or degradation products. Other applica-
tions may be directed at the sensitive analysis of particular well-
defined target compounds. In this section, different chromato-
graphic approaches are discussed, whereas in the next section the
additional dimension of having MS detection is addressed (see
Section 6).

5.1. Ion-pair liquid chromatography

In IPLC, an IPR is added to the mobile phase. An IPR is a molecule
containing a large hydrophobic moiety, which interacts with the
RPLC stationary phase (C18 or PLRP-S), and an ionic site with a
charge opposite to that of the analyte of interest, i.e., a negatively
charged group in the case of AGs. Compounds such as alkyl sulfo-
nates can be used as IPR, whereas volatile alternatives like per-
fluoroalkylacetic acids (trifluoroacetic acid (TFA) up to
heptafluorobutyric acid (HFBA)) have to be applied when ESI-MS is
used in detection. The effect of alkyl chain length of alkyl (C5, C6, or
C7) sulfonates as IPR on the retention was tested for the separation
of streptomycin and dihydrostreptomycin. The retention increased
with the length of the alkyl chain. Hexane sulfonate was chosen to
give optimal separation in a relatively short time [62]. As high
concentrations of IPR (>20 mM) may damage the RPLC column
material [63], the IPR concentration should be kept as low as
possible while achieving appropriate retention and peak shape.

In most cases, an additional buffer system is applied in IPLC in
order to control the pH of the mobile phase, and thus the level of
protolysis of the analytes. Acetate and phosphate buffers are most
commonly used. Phosphate buffers allow UV detection of

aminoglycosides at 195 nm, but are not compatible with MS and
ELSD detection. The volatile ammonium acetate buffer is compat-
ible with MS, but not applicable in 195-nm UV detection. Some
examples of IPLC are discussed below.

The IPLC separation of neomycin and framycetin and their
related substances using 170 mM TFA as IPR and ELSD detection is
shown in Fig. 5A [20]. The method enabled the detection of im-
purities down to 0.20% (m/m) in pharmaceutical preparations [20].
Neomycin could be determined down to 0.6 mg mL�1 (LOD in ELSD)
in pharmaceutical formulations with IPLC on a C18 column using a
mobile phase of watereacetone (50:50) containing 11.6 mM HFBA
as the IPR [64]. Other examples of IPLC coupled to ELSD are the
determination of tobramycin impurities [65] and kanamycin B in
presence of kanamycin A [66] using HFBA as the IPR. Similarly,
neamine was determined in plasma using pentafluoropropionic
acid as the IPR [67]. Streptomycin and dihydrostreptomycin were
separated and determined on a C18 column using TFA as IPR.
Separation of streptomycin B in streptomycin and determination of
dihydrostreptomycin in the presence of penicillin G procaine were
also performed with ELSD detection [59].

Impurity profiling of amikacin was achieved using a sodium
sulfate salt gradient (0e70% B in 38 min). The mobile phase con-
sisted of 8.3 mM sodium 1-octanesulfonate, 14 mL L�1 tetrahy-
drofuran, 50 mL L�1 0.2 M phosphate buffer (pH 3.0). In solvent A,
20 g L�1 sodium sulfate was added; in solvent B, 28 g L�1. The LOD
was 0.2 mg mL�1 using PAD. A typical chromatogram is shown in
Fig. 5B [68]. For the analysis of neomycin B and C in ear drops, IPLC
was applied using an PLRP-S column. An aqueous phosphate-
buffered mobile phase (pH 3) with 0.5 M sodium sulfate and
6.5mM of 1-octanesulfonate as IPRwas used. Post-column addition
of 0.3 mL min�1 of 0.5 M NaOH was needed in order to achieve
adequate PAD at pH >12. The LOD on PAD was 0.05% (m/m) (5 ng).
Other components in the ear drops (polymyxin B and dexametha-
sone) were analyzed separately using RPLC with UV detection
[69,70]. Coupling of IPLC to PAD was also applied to the in vitro
release and ex vivo permeation studies of paromomycin [71].

Analysis of micronomicin and its related substances using IPLC
coupled to pulsed electrochemical detector (PED) was reported.
The stationary phase was a Hypersil BDS C18 column and the
mobile phase consisted of 1% acetonitrile: 99% aqueous solution
containing 1.25% (v/v) TFA, 0.025% (v/v) pentafluoropropionic acid
and 0.85% (v/v) 50% NaOH, pH was 2.6 (adjusted by 0.5 N NaOH).
Post-column, the pH of the effluent was adjusted to 12 by adding
0.5 N NaOH to enhance PED detection. LOD was 0.08 mg mL�1. The
method was linear in range 0.25e60 mg mL�1. Nineteen impurities
were identified and the method was applied to commercial sam-
ples [72].

Fig. 5. Typical chromatograms of AG obtained by IPLC. A: Ion-pair LC separation of neomycin B, framycetin (neomycin C) and its related substances using 170 mM TFA as IPR and
ELSD. Reprinted from Ref. [20] with permission. B: Chromatogram of a commercial amikacin sample under the LC conditions mentioned. Column: 250 � 4.6 mm Discovery C18,
5 mm. Elution order: (1) l-HABA; (2) unknown 1; (3) unknown 2; (4) unknown 3; (5) unknown 4; (6) unknown 5; (7) unknown 6; (8) 1,60-di-HABAekanamycin A; (9) 1,3-di-
HABAekanamycin A; (10) amikacin; (11) BB-K9; (12) BB-K11; (13) BB-K6; (14) kanamycin A; (15) BB-K29; (16) unknown 7; (17) BB-K26. Reprinted from Ref. [68] with permission.
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Spectinomycin and its impurities were determined by IPLC
coupled to CAD detector. The stationary phase was a RP C18 column
and the mobile phase was composed of 0.3% TFA and acetonitrile
(98:2). The LOD was 0.5 mg mL�1. Two linearity ranges were vali-
dated for the assay: 2e45 and 80e200 mg mL�1. The method was
applied to pharmaceutical preparations [73]. Neomycin and its
impurities were separated using HFBA as an IPR and CAD for
detection [74].

5.2. Capillary electrophoresis

Given the ionic character of the aminoglycosides over a wide pH
range, CE can also be applied for the separation. Several examples
have been reported [75e79]. Neomycin was determined in oint-
ments using an aqueous background electrolyte containing 35 mM
phosphate and 15 mM acetate buffer (pH 4.7), a polyacrylamide-
coated fused-silica capillary, and UV detection at 200 nm [75].
Netilmicin, tobramycin, lincomycin, kanamycin, and amikacin were
determined simultaneously in pharmaceutical preparations using
of 125 mM NaOH as a background electrolyte, an uncoated fused-
silica capillary, and electrochemical detection involving a copper
microparticle-modified carbon fiber microdisk array electrode.
LODs were ranging from 1.2 mM for amikacin to 6.7 mM for linco-
mycin [76]. CE coupled to contactless conductivity detection was
used for the determination of amikacin [77] and tobramycin [78]
with their related impurities.

5.3. Thin-layer chromatography

Thin-layer or planar chromatography (TLC) has been advocated
in theWHO International Pharmacopoeia [22] for the identification
of neomycin and its impurity neamine; detection is performed by
spraying triketohydrindene/butanol for visualization in daylight. In
other studies, visualization of neomycin has been done by densi-
tometry [80,81] or fluorimetry [82]. Although TLC can be relatively
cheap, as no extensive instrumentation is required, the repeat-
ability of the assay for quantitative determination is poor and the
method is difficult to validate. HPTLC was performed for the
determination of AG in food of animal origin. The stationary phase

was amino F254S plates while the mobile phase was methanol-
acetonitrile (40:60, v/v). Detection was by a bioluminescence
assay [83].

5.4. Reserved-phase liquid chromatography after derivatization

In a targeted analysis directed at particular AGs, pre-column or
post-column derivatization can be applied to introduce a chromo-
phore or fluorophore. The choice between the pre- and post-
column derivatization depends on several factors such as: the
required sensitivity, the amount of sample present and the eco-
nomic and experience level of the laboratory. Post-column deriv-
atization requires more complex instrumentation. Derivatization of
AGs can also be applied for direct spectrophotometric analysis,
without chromatography.

Derivatization of AGs is directed at modifying the primary amine
functions. Therefore, a number of derivatization reagents can be
applied, which have been described for other purposes as well.
Some reagents such as 9-fluorenylmethyl chloroformate (FMOC-
Cl), dansyl chloride, and 1-fluoro-2,4-dinitrobenzene (Sanger re-
agent) can only be applied in pre-column derivatization, while
some others in principle can be used either in pre-column or in
post-column derivatization, as is the case for o-phthaldialdehyde
(OPA) and 1,2-naphthoquinone-4-sulfonate (Folin's reagent).

5.4.1. Pre-column derivatization
Pre-column derivatization of AGs alters their chromatographic

behavior, enabling the use of conventional RPLC rather than the
more complicated IPLC. Pre-column derivatization is easy to
perform, also in high-throughput applications, as the sample pre-
treatment step is decoupled from the separation and detection
step. It is more flexible than post-column derivatization in terms of
reaction time, reaction solvent, and eventual elimination of excess
reagent. However, the additional treatment steps may result in
analyte losses. A complete derivatization reaction into stable
products is necessary, and excess reagent or derived products
thereof may interfere in the analysis.

As an example, the pre-column derivatization of amikacin with
FMOC-Cl was performed for preclinical pharmacokinetic studies
and in parenteral formulations. The derivatization reaction pro-
ceeds in aqueous borate buffer (pH 7.3) at room temperature with
the instantaneous formation of the corresponding derivative of
amikacin which is stable for at least 48 h. Isepamicin was used as
the internal standard (IS). After derivatization, the resulting de-
rivatives can be analyzed using a C8 RPLC column, a water-
eacetonitrile (35:65, v/v) mobile phase without IPR. The LOD was
90 ng mL�1 with fluorescence detection (excitation 265 nm and
emission 315 nm). A typical example is shown in Fig. 6 [84]. Simi-
larly, pre-column FMOC-Cl derivatization and fluorescence detec-
tion of isepamicin in rat plasma was performed using amikacin as
an IS [45]. For the analysis of neomycin, netilmicin and sisomicin in
cell culture media or plasma, FMOC-Cl derivatization was per-
formed. Separation was performed on an ODS Hypersil column
using a mobile phase of acetonitrileewater (90:10, v/v) at a flow
rate of 1 mL min�1 with fluorescence detection. The LOQ was
0.1 mg mL�1 [85]. Similar FMOC-Cl derivatization and detectionwas
performed for the determination etimicin in rat plasma using an RP
C8 column [52].

For the determination of tobramycin in human plasma, pre-
column derivatization was developed using 1-naphthyl isothiocy-
anate (NITC) in pyridine at 70 �C. The stationary phase was a Pur-
ospher STAR RP-18e column and the mobile phase
watereacetonitrile (50:50, v/v). UV detection was performed at
230 nm. Linearity range was 0.93e9.34 mg L�1; the LOD was
0.23 mg L�1 [51]. The same method was applied in the analysis of

Fig. 6. Separation of (1) amikacin and (2) isepamicin (I.S.) after pre-column FMOC-Cl-
derivatization in a rat plasma sample 2 h after intravenous administration of
10 mg kg�1 amikacin. Reprinted from Ref. [84] with permission.
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kanamycin A in human plasma and oral dosage [46].
Pre-column derivatization with OPA in the presence of b-mer-

captopropionic acid or another mercaptol is also widely used. The
resulting derivatives can be detected using fluorescence detection
(excitation 340 nm and emission 450 nm). A typical example is the
determination of neomycin in milk [86]. Neomycin was extracted
from milk using an Amberlite CG-50 ion-exchange resin column
and derivatized on that column with OPA. After elution with po-
tassium borate buffer/methanol, the derivatives are analyzed on a
HISEP LC columnwith fluorescence detection. The LOD is 50 mg L�1

in milk; typical recoveries range from 94 to 102% [86].
Despite the fact that pre-column derivatization could avoid the

use of IPLC, in some applications IPLC of derivatized AGs is still
used. The determination of sisomicin and its N-ethyl derivative,
netilmicin, in whole blood is an example of this [87]. The com-
pounds were extracted from dried blood spots using a phosphate
buffer by ultrasonication. After OPA derivatization, the derivatives
are analyzed using IPLC on a C18 column and with 1-
heptanesulfonate as IPR. The method was used for TDM in geri-
atric and pediatric patients [87].

Pre-capillary derivatization of paromomycin and its impurities
with OPA prior to CE analysis was performed with UV detection at
330 nm [88]. Pre-capillary derivatization into sulfindocyanine
succinimidyl esters was used for the determination of AGs in milk
by micellar electrokinetic chromatography (MEKC) using laser-
induced fluorescence detection [89].

5.4.2. Post-column derivatization
Post-column derivatization is instrumentally more complex,

because a post-column reactor and one or more additional pumps
are necessary. The possibilities of post-column derivatization is
generally limited by the reaction time, as only relatively fast re-
actions can be applied, and by the solvent system, as the reaction
conditions should be compatible with the mobile-phase composi-
tion. However, as long as it is repeatable, the reaction does not have
to be complete, and long-term stability of the derivative generally is
less of an issue. Obviously, for the AGs, the difficulties in chro-
matographic separation, demanding for the use of IPLC, still exist
when performing post-column derivatization.

An example of post-column derivatization is the quenching of
Cu2þ-luminol chemiluminescence by complex formation between
Cu2þ and AGs [90]. This approach is applied in the determination of
amikacin in plasma and urine, using RPLC on a C18 column and a
mobile phase consisting of 10�2 mol L�1 aqueous potassium
hydrogen phthalate (pH 3.35) and acetonitrile (90:10, v/v). The LOD
was 50 mg L�1 in plasma or urine [90].

Post-column derivatization of paromomycin in bulk with OPA
and fluorescence detection is achieved after IPLC using a C8 column
and sodium 1-heptanesulfonate as IPR. The LOD was 10 ng [91].

The potential of IPLC coupled to resonance Rayleigh scattering
(RRS) detection was explored for the determination of AGs ami-
kacin, netilmicin, and etimicin in plasma and urine. After IPLC
separation on a Synergi Hydro-RP column (Phenomenex) using a
0.1% TFA (pH 2.2) as IPR at a flow rate of 0.4 mL min�1, binary
compounds are formed after a post-column reaction with Congo
red. From the RRS spectrum, it was established that detection is
best performed at 370 nm. LODs were 0.018, 0.021 and
0.055 mg mL�1 for amikacin, netilmicin, and etimicin, respectively
[49]. Other examples of post-column derivatization of AGs involve
the determination of neomycins B and C in animal feed [92] and of
streptomycin residues in honey [93].

5.4.3. High-pH mobile phase
The use of a mobile phase with a pH �11 is believed to render

the AGs in an unionized form, thus enabling RPLC. This requires

special column materials as well as a detection system that are
stable, durable and applicable at highly alkaline conditions. The
analysis of tobramycin in pharmaceutical formulations using high-
pH RPLC was described. A Purospher RP-8e column was used as a
stationary phase using mobile phase of 0.05 M diammonium
hydrogen phosphate (pH adjusted to 10.0 ± 0.05 using 25% aqueous
tetramethyl ammonium hydroxide) at 1 mL min�1 and UV detec-
tion at 210 nm [94]. A Waters XBridge C18 column with a high-pH
mobile phase (pH > 11) was applied for determination of plazo-
micin and its impurities [61]. The mobile phase was a gradient of
0.25 M ammonium hydroxide in water and acetonitrile. UV detec-
tion at 210 nm was performed. The linearity range was
0.0025e3.0 mg mL�1. The high detection range can be attributed to
the poor UV absorbance of AGs [61].

Applications of high-pH RPLC with MS detection are discussed
below. The high pH mobile phase for AG separation is readily
applicable with PAD systems.

6. Liquid chromatographyemass spectrometry

LCeMS is widely applied in the determination of AGs. The
challenge in the LCeMS analysis of AGs is their structural similarity
which results in similar product ions upon fragmentation. This is to
be added to the challenges in LC separation, already addressed in
Section 5. Thus, the selection of precursor-ion/product-ion combi-
nation for selected-reaction monitoring (SRM) should be donewith
great care to avoid interferences. After briefly discussing the frag-
mentation of protonated AGs in MS/MS to derive characteristic ions
for SRM transitions, applications of LCeMSwith HILIC, IPLC or high-
pH RPLC are discussed.

6.1. Fragmentation of aminoglycosides in MS/MS

The general fragmentation of AGs in positive-ion MS/MS can be
readily understood using early data on gentamicins [95] (cf.
Fig. 7A). The three major fragment ions observed were an ion with
m/z 160 due to the garosamine unit (ring A in Fig. 7A), an ion with
m/z 163 due to the 2-deoxystreptamine unit (ring B), and an ion due
to the purpurosamine unit (ring C), being m/z 129 for gentamicin
C1a, m/z 143 for the gentamicins C2, C2a and C2b, and m/z 157 for
gentamicin C1. Additionally, an ion with m/z 322 due to the loss of
either the purpurosamine unit (resulting in the AB fragment) or the
garosamine unit (resulting in the BC fragment) can be observed
(see Fig. 7A). Subsequent losses of H2O, NH3, or CH3NH2 from these
fragment ions may result in secondary fragment ions. This frag-
mentation pattern is in agreement with schemes reported by
others [96e102].

Under positive-ion ESI-MS conditions, depending on the
mobile-phase composition, most AGs may show both double-
charge ions [M þ 2H]2þ and single-charge ions [M þ H]þ [103]. In
the absence of IPR, e.g., in HILIC, the double-charge ion is most
abundant, whereas the single-charge ion is most abundant in IPLC.
In negative-ion ESI-MS, applied under high-pH RPLC conditions,
deprotonated molecules [M � H]� are observed; fragmentation
under negative-ion conditions was not investigated [104]. Upon
fragmentation in positive-ion MS/MS, the double-charge ions
generate mostly single-charge fragment ions, similar to gentami-
cins (cf. Fig. 7A). Characteristic fragments for various AGs are
summarized in Table 3 [96,103,105e107]. The ions frequently
applied in SRM transitions are underlined in Table 3. Identification
of fragment ions of AGs, relevant to SRM, has been reported [96].
The relative abundance of fragment ions may differ, depending on
whether single-charge or double-charge precursor ions are frag-
mented, e.g., the most abundant fragment ions from single-charge
streptomycin and dihydrostreptomycin are the ions with m/z 263
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Fig. 7. (A) General fragmentation of aminoglycosides, illustrated for gentamicin C1. (B) Proposed structures for important fragment ions of spectinomycin.

Table 3
Fragmentation of aminoglycosides in MSeMS (for annotation, cf. Fig. 7a). The underlined m/z values are used as product ions in SRM [96,105e107].

Aminoglycoside [M þ H]þ m/z [M þ 2H]2þ m/z A m/z B m/z C m/z AB m/z BC m/z Other m/z

Amikacin 586 293.7 162 264 162, 180 425 425 102, 163, 247
Apramycin 540 270.6 162 235 145, 163 396, 378 379 199, 217
Arbekacin 553 277.2 129 264 162, 180 392 425 102, 163
Dihydro-streptomycin 584 292.6 176 165 245, 263 340 409 246
Streptomycin 582 291.6 176 167 245, 263 342 411 246
Gentamicin C1a 450 225.7 160 163 129, 147 322 291 112
Gentamicin C2, C2a, C2b 464 232.7 160 163 143, 161 322 305
Gentamycin C1 478 239.7 160 163 157, 175 322 319 139
Hygromycin B 528 264.6 n.a. n.a. 159, 177 370 n.a. 352, 257
Kanamycin A 484 242.6 161 163 162, 180 323 324 205, 102
Kanamycin B 485 243.1 162 163 162, 180 324 324
Neomycin B 615 308.2 293 163 161, 179 455 323
Paromomycin 616 308.7 293 163 162, 180 455 323 203, 161
Netilmicin 476 238.2 127 191 160, 180 317 350 458, 281
Ribostamycin 455 228.2 133 163 161, 179 295 323
Sisomycin 448 224.6 160 163 127, 145 322 289 271, 254
Tobramycin 468 234.6 145 163 162, 180 307 324
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and 245, whereas from double-charge ions the most abundant ions
are m/z 176 and 409 for dihydrostreptomycin and m/z 176 and 263
for streptomycin [108]. As can be seen from Table 3, several frag-
ment ions show the same m/z-values for different AGs. This is due
to the high structural similarity. If insufficient LC separation is
achieved in a multi-residue analysis, this may result in possible
interferences. This is an important point of attention during sample
pretreatment and analysis.

In order to identify impurities in tobramycin and kanamycin B,
the fragmentation of these two compounds was studied in some
detail [97]. The fragmentation pattern is greatly in agreement with
Fig. 7A and Table 3, although two additional fragments are dis-
cussed. The ions with m/z 349 (tobramycin) and m/z 365 (kana-
mycin B) are due to cross-ring cleavages in the C-ring. Subsequent
loss of the A-ring results in the fragment ion with m/z 205 [97].
Similarly, related substances of dihydrostreptomycin [98], genta-
micins [99,100], vertilmicin [101], and micronomicin [102] were
identified. Again, detailed fragmentation schemes were developed.

Spectinomycin is an aminocyclitol antimicrobial, closely related
to aminoglycosides, produced by the bacterium Streptomyces
spectabilis. In LCeMS, spectinomycin forms strong solvent adducts
with water or methanol [105,109]. Fragmentation schemes for
spectinomycin ([M þ H]þ with m/z 333) have been proposed
[110,111]. Fragment ions are observed with m/z 315 due to the loss
of water, m/z 305 due to CO loss, m/z 302 due to CH3NH2 loss, and
m/z 289 due to CO2 loss. Subsequent fragmentation of the ion with
m/z 289 results in fragment ions withm/z 271 due towater loss and
m/z 245 due to CO2 loss. The loss of CO and CO2 from the ionwithm/
z 271 results in the fragment ions with m/z 243 and 227, respec-
tively. Another fragmentation route involves cleavage of the
dioxane ring to a fragment ion with m/z 207, which in turn shows
subsequent losses of water tom/z 189, of CH3NH2 tom/z 158, and of
water to an ion with m/z 140. The ion with m/z 140 can show the
loss of water to an ionwithm/z 122, of CO tom/z 112, or of H2C]C]
O to m/z 98. As the fragment ions with m/z 207 and 189 are
frequently used in SRM transitions for the analysis of spectino-
mycin, these are explained in Fig. 7B.

6.2. IPLCeMS/MS

IPLCeMS is primarily used in multiresidue analysis of AGs in
food of animal origin [34,36,37,40] and in impurity profiling
[112e114]. Some recent examples are discussed below.

The determination of the AGs hygromycin B, dihydros-
treptomycin, amikacin, kanamycin, apramycin, tobramycin, genta-
micin and neomycin together with spectinomycin in bovine
muscles using IPLCeMS was described [37]. After extraction and
cleanup (see Section 4), providing recoveries between 71 and 98%,
IPLC separation was achieved using an acetonitrile/water gradient,
containing 20 mM HFBA, on a C18 column. Compounds were
detected in SRMwith linearity ranging from 10 to 500 ng g�1. LODs
ranged from 0.1 ng g�1 for tobramycin to 5 ng g�1 for streptomycin
[37].

In amultiresidue study, kanamycin and neomycin, together with
34 other ABs from different classes like tetracyclines, sulfonamides,
(fluoro) quinolones and macrolides, were determined in chicken
meat using a 50 � 2.1 mm Betasil phenyl hexyl column and a
mobile phase of (A) 1 mM HFBAwith 0.5% formic acid in water and
(B) 0.5% formic acid in acetonitrile/methanol (1:1, v/v) and a
gradient of 0e95% B in 12 min. With column wash and re-
equilibration, the total run time was 19 min. LOQs were 25 and
120 mg kg�1 for kanamycin and neomycin, respectively. The deci-
sion limit CCa and detection capability CCb were 121 and
143 mg kg�1 for kanamycin and 602 and 704 mg kg�1 for neomycin
[36]. In order to avoid the risk of carryover, rigorous washing of the

injection system between the runs was found to be necessary.
In another study, the determination of 34 antibacterial drugs

from the same compound classes, among which were strepto-
mycin, dihydrostrepromycin, neomycin, gentamicin as well as
spectinomycin, in fish samples was reported [40]. In this case, a
mobile phase of (A) 0.025% HFBA in water and (B) acetonitrile was
used. The gradient started at 5% B, increased to 50% B in 2 min, and
to 90% B in another 7 min. With columnwash and re-equilibration,
the total run time was 18 min. Positive-ion ESI-MS detection was
performed in SRMmode (characteristic SRM transitions in Table 3).
CCa and CCb were 589.8 and 529.4 mg kg�1 and 714.9 and
571.0 mg kg�1 for streptomycin and dihydrostreptomycin, respec-
tively [40]. Because of poor extraction recovery (<60%), the method
was not applicable for neomycin and gentamicin.

Ten AGs were determined in poultry, swine, equine, and bovine
kidney [34]. The procedure was an adaptation of the US Depart-
ment of Agriculture, Food Safety and Inspection Service (USDA-
FSIS) qualitative method [115] by inclusion of additional clean-up
and quantification at lower levels. The mobile phase consisted of
(A) water and (B) methanol, and (C) 0.1 M HFBA. The gradient
programwas 5e50% B in 0.75 min, 50e60% B in 9 min; C was kept
at 20%. With column wash and re-equilibration, the total run time
was 18 min. Detection was done in ESI-MS/MS in SRM mode. CCa
and CCb varied between 1036 and 12,293 mg kg�1, and between
1073 and 14,588 mg kg�1, respectively. LOQs ranged from 27 to
688 mg kg�1 [34].

Characterization of tobramycin impurities using IPLCeMS on an
ion-trapMSwas reported as well. Themobile phase consisting of an
aqueous solution containing 1.2 mM HFBA and 50 mM ammonium
formate, adjusted to pH 3.0 by formic acid before bringing to vol-
ume/methanol (68:32, v/v) at a flow rate of 0.2 mL min�1 was used
with a C18 column. The total run time for separation was 20 min
[113].

Turbulent flow chromatography (TFC) coupled to IPLCeMS/MS
was used for the quantitation of different AB classes including AGs.
TFC is used to remove macromolecules and to pre-concentrate the
ABs prior to analysis. The mobile phases were A (1 mM HFBA with
0.5% formic acid in water) and B (0.5% FA in acetonitrileemethanol
(1:1, v/v)). Detection was performed by MS/MS. The LODs were 10
and 40 mg kg�1 for kanamycin and neomycin [116]. HFPA as an IPR
was also used in clinical studies to determine tobramycin [56],
amikacin [58], and etimicin [117] in serum or plasma.

Rapid qualitative determination of 9 AGs, i.e., neomycin,
streptomycin, dihydrosptreptomycin, spectinomycin, kanamycin,

Fig. 8. HPLC chromatogram of streptomycin sulfate with detection by charged aerosol
detector (CAD); 250 � 4.6 mm YMC-Pack Pro column (particle size 3 mm); column
temperature: 40 �C; mobile phase: 20 mmoL L�1 of PFPA in a mixture of water/acetone
99/1 (v/v); flow rate: 0.8 mL min�1; injection of 10 mL of a 5 mg ml�1 solution of
streptomycin sulfate in water. Reprinted from Ref. [114] with permission.
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gentamicin, apramycin, amikacin, and hygromycin, in bovine tis-
sue matrices was performed by IPLCeMS/MS using tobramycin as
IS [96]. Due to the use of column material with 1.7 mm ID particles,
analysis time was only 2.4 min. Initially, paromomycin was
included, but it was found that paromomycin could be a degra-
dation production of neomycin by conversion of an NH2 into an
OH group [96]. This phenomenon has been previously reported
[118] and stresses the importance of careful and critical data
evaluation.

The analysis of streptomycin sulfate and 21 of its impurities was
achieved using a 250� 4.6 mm YMC-Pack Pro column and a mobile
phase of 20 mM of PFPA in watereacetone 99/1 (v/v). The run time
was 70 min. Monitoring was performed by time-of-flight mass
spectrometry (TOF-MS) and confirmed by tandem-quadrupole MS/
MS. The LOQs were tested for streptomycin sulfate and streptidine
sulfate to be 4.5 mg mL�1 and 0.4 mg mL�1, respectively [114]. A
typical chromatogram is shown in Fig. 8. PFPA was used as IPR for
the determination of amikacin, gentamicin, and vancomycin levels
in human newborn plasma [57].

Gentamicin, kanamycin, and apramycin were determined in
rat plasma in ranges 1e5,000, 20e10,000, 10e10,000 ng mL�1,
respectively. In this study, TCA functioned as both a precipi-
tating agent for the plasma proteins and an IPR. Despite the
fact that TCA was only present in the sample and not in the
mobile phase; it improved the retention of AGs on the C12
column applied. The elution was performed in a gradient pro-
gram using water and acetonitrile, both with 0.1% formic acid.
The flow rate was 0.25 mL min�1. The gradient started as 5% B
for 0.1 min and B was raised to 70% at 1.5 min and then to 90%
at 2.5 min and reduced again to 5% at 3.50 min and gradient
stopped at 3.6 min. 1 min equilibration was performed between
runs [54].

Gentamicin was determined in different bovine matrices
(plasma, urine, milk, kidney tissue). The separation was performed
on a Waters ODS-AM (3.5 mm particles) column. The mobile phase
was a mixture of 95% solvent A (0.11 M aqueous TFA-methanol, 1:1)
and 5% solvent B (acetonitrile). Flow rate was 0.22 mL min�1 and
detectionwas performed byMS/MS. The applicable linearity ranges
were 1e5000 ng mL�1 for plasma, 2.5e2500 ng mL�1 for milk,
1e100 ng mL�1 for urine, and 10e50,000 ng g�1 for kidney tissues
[55]. TFA was also used as the IPR for the determination of arbe-
kacin in serum [119].

6.3. HILICeMS/MS

HILIC has been recognized as a powerful alternative to RPLC
for especially highly polar compounds. In the analysis of AGs by
HILIC, no IPR is needed. For HILIC, different column materials
are available. A comparative study on the analysis of AGs on six
different HILIC stationary phases, i.e., (anionic) bare silica,
(cationic) amino phenol, and (neutral) amide and zwitter ionic
(ZIC) materials, showed that the ZIC column showed best per-
formance [120]. This is probably due to the “mixed-mode”
retention mechanism. The ZIC column provides interaction to
both positively-charged amino groups and some hydroxyl
groups. The optimal mobile phase was composed of A (0.2%
formic acid in acetonitrile) and B (175 mM ammonium formate)
at pH 4.5. Detection was performed by MS/MS in SRM mode.
Absence of the IPR reduces mobile-phase related ionization
suppression and results in improved sensitivity compared to
IPLC. In the comparative study on HILIC material [120], the ZIC
provided LOQs that ranged from 6 mg L�1 for spectinomycin to
154 mg L�1 for neomycin. Therefore, HILICeMS is an attractive
tool in both (veterinary) residue analysis and impurity
profiling. Some typical applications are discussed below.

A HILICeMS/MS method was reported for the determination
of streptomycin and dihydrostreptomycin in honey. Two HILIC
columns (150 � 2.1 mm; 3 mm particle size) were tested: a Wa-
ters Atlantis silica column and a Varian Monochrom Si column.
Gradient elution was performed using solvent A (acetonitrile
with 0.05% formic acid) and solvent B (water with 0.05% formic
acid): 10% B for 1 min; 10e90% B in 5 min. With column wash
and a 9-min re-equilibration, the total run time was 20 min.
Under these conditions, streptomycin and dihydrostreptomycin
co-eluted at 8.0 min. Because the m/z values of the precursor ions
differ by only 2 units and the same product ions are used for both
compounds (cf. Table 3), a selectivity check should be performed.
The method can be applied in the range of 5e80 mg kg�1. CCa
were 11.8 and 11.5 mg kg�1 and CCb were 18.9 and 19.9 mg kg�1

for streptomycin and dihydrostreptomycin, respectively [38].
Streptomycin, dihydrostreptomycin, apramycin, kanamycin,

paromomycin, gentamicin, and neomycin together with specti-
nomycin were determined in bovine milk and in bovine and
porcine muscle and kidney tissues. A 2-min water/acetonitrile
gradient with 200 mM ammonium acetate and 1% formic acid was
applied on a ZIC-HILIC column. LCeMS analysis was achieved in
SRM mode, using characteristic SRM transitions listed in Table 3.
The linearity of the procedure was tested in the range from 0.25 to
2*MRL [32].

The AGs streptomycin, gentamicin C1, neomycin B, amikacin,
and kanamycin together with spectinomycin and ABs from seven
other classes were determined in veal muscle. For the AGs, a ZIC
columnwas applied, whereas the other compounds were analyzed
in RPLC using a C18 column [41]. For HILIC, the mobile phase
consisted of solvent A (acetonitrile) and solvent B (0.4% formic acid
in water). The gradient started at 3% B for 1.0 min, then ramped to
85% B in 1.0 min, and was held at 85% B for 3.0 min. Column wash
and re-equilibration resulted in a total run time of 15.0 min. MS/MS
detection was performed in SRM mode, using characteristic SRM
transitions (Table 3). The accuracies achieved in thismethod ranged
from 45% to 106% [41].

A HILIC-based multiresidue method for the analysis of 24 ABs
from different classes (the aminoglycosides streptomycin and
dihydrostreptomycin, together with various b-lactams, lincosa-
mides, macrolides, quinolones, sulfonamides, tetracyclines, and
amprolium) in chicken muscle was reported as well [121].
HILICeMS/MS was achieved using a ZIC column in SRM mode. The
mobile phasewas composedof solvent A (acetonitrile) and solvent B
(50 mM ammonium formate buffer at pH 2.5). The gradient elution
started with 10% B for 10 min and then ramped from 10 to 90% B in
5 min, followed by equilibration. The total runtime was 15 min. The
LODof themethodwas20mgkg�1 for aminoglycosides. The linearity
was 1e100 mg kg�1 for all analytes [121]. A somewhat similar
method was reported for the determination of AGs in bovine and
porcine kidney andmuscle tissue using HILICeMS/MS in SRMmode
on a ZIC column. The LOQswere 25 ng g�1 for gentamicin, 50 ng g�1

for spectinomycin, dihydrostreptomycin, kanamycin, and apramy-
cin, and 100 ng g�1 for streptomycin and neomycin M [33].
Neomycin was determined in human serum using a ZIC-HILIC col-
umn using a mobile phase composed of solvent A (5/95/0.2, v/v/v,
acetonitrile, 2 mM ammonium acetate and formic acid) and solvent
B (95/5/0.2, v/v/v, acetonitrile, 2mM ammonium acetate and formic
acid). The gradient elution started with 80% B until 0.6 min and was
decreased to 20% B until 5.8 min then elevated again to 80% until
8.8 min the LOQ was 100 ng ml�1 [122]. A similar approach was
applied in the simultaneous determination of amikacin, gentamicin,
kanamycin, neomycin, paromomycin, and tobramycin in human
serum [60]. The use of a ZIC column was also reported for the
determination of AGs in food of animal origin [123].

Impurity profiling of streptomycin and dihydrostreptomycin
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samples was performed using HILICeMS (single quadrupole) and a
Halo unbound anionic silica HILIC column. The mobile phase was
75% acetonitrile and 100e200 mM aqueous ammonium formate
buffer (pH 3.0e4.5) in acetonitrile. According to the authors, better
peak shape was achieved at higher ammonium formate concen-
trations. The pH was adjusted to pH 4.5 to reduce decomposition of
silica column [124].

An Inertsil HILIC column (3.5 mm) was used for the determina-
tion of tobramycin in human plasma. The mobile phase was
acetonitrilee5mM ammonium acetate and 0.1% formic acid (60:40,
v/v) at 0.30 mL min�1. Sisomicin was used as the IS. The method
was linear in range of 0.51e1051 ng mL�1 [53].

6.4. High-pH RPLCeMS

High-pH RPLC in combination with ESI-MS in negative-ion
mode was applied for the analysis of tobramycin in pharmaceu-
tical formulations [104]. A mobile phase gradient of solvent A
(0.7 mL of 28e30% ammonia solution added to water; pH 11;
adjusted with 2.5 N sodium hydroxide) and solvent B (100%
acetonitrile) at a flow rate of 0.2 mL min�1. A Waters Xterra RP18
was used as a stationary phase. The LOD was 0.063 mg mL�1.

Similarly, a Gemini NXC18 columnwith a mobile phase gradient
of solvent A (water, ammonia solution (25%, m/m) and glacial acetic

acid in the ratio 96:3.6:0.2 (v/v/v)) and solvent B (methanol) was
applied impurity profiling of vertilmicin [101] and of micronomicin
[102]. Using ESI-MS detection in positive-ion mode, 18 impurities
were detected for vertilmicin [101] and 36 impurities for micro-
nomicin [102]. The detectability of the impurities was enhanced by
injecting a high sample concentration (5 mg mL�1 [102]) into the
system.

6.5. Comparison between IPLCeMS and HILICeMS

Using streptomycin and dihydrostreptomycin in milk as
example, the performance of IPLC and HILIC was compared [35].
Both techniques were used with their typical experimental condi-
tions. Thus, a water/acetonitrile gradient with 10 mM HFBA in both
solvents and a 50 � 2.1 mm C18 column (5 mm particles) was
applied in IPLC (gradient run time 11.1 min; total run time 15 min),
whereas isocratic elution with 65% acetonitrile in 150 mM aqueous
ammonium acetate (pH 4.5) mobile phase and a 100 � 3 mm
anionic silica column (3 mm particles) was used in HILIC (Fig. 9).
Quantification was performed in selected-ion monitoring (SIM)
modewithm/z of [MþH]þ on a single-quadrupole instrument. The
ESI capillary voltage was 3.0 kV in IPLC and 3.5 kV in HILIC. For
qualitative purposes, the occurrence of characteristic fragment
ions, i.e., ions withm/z 320, 263, and 176 for streptomycin and with

Fig. 9. A. Chromatogram of a spiked milk sample spiked with streptomycin and dihydrostreptomycin at half MRL (100 mg kg�1) and analyzed by IPLC method. Reprinted from Ref.
[35] with permission. B: Chromatogram of a spiked milk sample fortified with streptomycin and dihydrostreptomycin at half MRL (100 mg kg�1) and analyzed by HILIC method.
Reprinted from Ref. [35] with permission.
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m/z 524, 163, and 175 for dihydrostreptomycin, was checked using
in-source CID. The overall process efficiencies were 69.3% and 56.5%
in IPLC and 85.5% and 72.3% in HILIC, for streptomycin and dihy-
drostreptomycin, respectively. The intra-day and inter-day preci-
sion, studied at 100, 200 and 300 mg kg�1 levels in milk, gave %RSD
�13 for both methods. LOQs were 109 and 31 mg kg�1 in IPLC, for
streptomycin and dihydrostreptomycin, respectively, and
14 mg kg�1 for both analytes in HILIC. The sensitivity of the HILIC
method is greater than that of the IPLC method, for streptomycin
and dihydrostreptomycin, respectively [35].

Fig. 4 shows different chromatographic techniques that are
available for the analysis of AGs depending on the required analytic
information. AGs can be separated by IPLC, HILIC or RPLC after pre-
column or post-column derivatization or at high pH.

HILIC is better compatible to MS detectors than IPLC. This can be
attributed to the ionization suppressing effect of the IPR which is
used in IPLC. In applying HILIC, ZIC columns were generally
preferred over anionic and cationic HILIC columns [125].

Although the IPR is chosen to be volatile to suit the MS detector,
their charge may suppress the ionization of the analyte and thus
reduce the detection efficiency.

IPLC is superior over HILIC in its separation power and its wider
column availability. Thus, if sensitivity is the concern, the HILIC is
the method of choice while in impurity detection or elucidation
IPLC is preferred.

High-pH RPLCeMS/MS so far has only be described for impurity
profiling, thus no comparison in terms of quantitative performance
for residue analysis and TDM in plasma or serum can yet be made.

Recently, theuseof a CarboPac®PA1anion-exchange columnwas
reported for the determination of streptomycin and dihydros-
treptomycin in veterinary dosage forms. The mobile phase was
0.07 N NaOH at a flow rate of 0.8 mL min�1. The detection was per-
formed by PAD with a multi-step potential waveforms to cope with
the tendency of AG to adsorb on the solid electrodes. The linearity
range of the assay was 1e50 mg mL�1 using glucose as IS [126].

Another recent development involves the use of contactless
conductivity detection (CD) in combination with IPLC for the
determination of AGs. At present, the method seems to be limited
in the choice of the IPR and especially the concentration of the IPR.
As a result, the IPLC is compromised and no adequate LODs could be
achieved [127].

7. Non-chromatographic methods

Several non-chromatographic methods were recently described
for the determination of AGs, including immunoassays [128e131],
microbiological assays [132], and fluorometric assays [43,48]. These
methods exhibit comparable sensitivity to the LC methods andmay
thus be further investigated as alternative to the mostly costly LC
and LCeMS methods.

In addition to this, more advanced non-chromatographic
methods have been reported in which nanoparticles are applied.
A method using gold nanoparticles (AuNPs) carrying a dye-labeled
fluorescent aptamer specially designed for kanamycin A was
recently developed. In the absence of kanamycin A, the aptamer is
adsorbed on the AuNPs and the fluorescence of the aptamer is
quenched. The aptamer shows higher affinity to kanamycin A and is
released from the AuNP, resulting in enhanced fluorescence. This
process is concentration dependent. The method was applied for
the determination of kanamycin A in milk samples [133]. Another
group reported a similar AuNP-based colorimetric method for the
detection of streptomycin in milk [134]. A recently reported
biosensor for the detection of streptomycin and other classes of ABs
is based on a multicolor quantum dot based immunofluorescence
assay [135].

Magnetic iron nanoparticles (MNP) were used for the detection
of kanamycin A in milk samples. To this end, the MNP or gold-core
silver shell (AuAg) nanoparticles were functionalized with anti-
kanamycin antibodies. Upon reaction with kanamycin A, a sand-
wich kanamycin complex with both types of nanoparticles is
formed, which can be detected by surface-enhanced Raman scat-
tering. The method showed linearity over the range
2 pg mL�1e80 ng mL�1 for the determination of kanamycin in milk
and the LOD was 2 pg mL�1 [136].

AuNPs were also used for sensing AG presence in milk. The
model AGs used were kanamycin monosulfate, neomycin sulfate,
streptomycin sulfate and bleomycin sulfate. The method depended
on synthesis of gold nanoparticles stabilized by pyrocatechol violet.
In absence of AGs, these particles are monodisperse and have a red
color. However, in presence of AGs, the hydroxy and amine groups
of the AGs form hydrogen bonding with pyrocatechol violet,
resulting in cross linking and aggregation of the AuNPs. The
aggregated AuNPs show a blue color. At very high AG concentration
of AGs, neither red nor blue color will be observed due to inter-
ference in the synthesis of AuNP [137].

8. Conclusions and perspectives

We propose a workflow for the analysis of AGs in different
matrices according to the type of matrix, required level of infor-
mation and facilities (Fig. 4) aided by some examples in Table 4. In
the sample preparation step, the methodology of extraction will be
largely affected by the suspected amount of AGs in the sample and
the available detection techniques. In case of a sample containing
protein, e.g., food, serum and plasma samples, protein precipitation
is an initial step. After protein precipitation, sample clean-up to
remove fats (if any) by for example hexane liquideliquid extraction
should be performed. SPE can be used to remove salts from the
sample as they might affect ionization in the MS detector. SPE can
also be used for other cleanup and pre-concentration purposes,
depending to the nature of the sample.

The choice of the chromatographic method, IPLC, HILIC, or RPLC
after derivatization, depends on the level of information required
along with the availability of equipment and resources.

HILIC provides retention of AGswithout IPR to themobile phase.
In MS detection, HILIC can be used to achieve lower detection limits
(compared to IPLC or RPLC). However, IPLC provides better sepa-
ration efficiency. The IPR required must be volatile in case of MS
detection and may still compromise sensitivity due to ionization
suppression. Thus, in food safety analysis, HILIC is our proposed
choice. For the detection of AG related substances, IPLC is recom-
mended. Alternatively, RPLC with pre-column analyte derivatiza-
tion can be applied, especially if no MS facilities are available. For
impurity profiling, good results have also been achieved using
high-pH RPLC.

The detector choice is largely affected by the availability and
financial aspects, especially in developing countries. As AGs lack a
chromophore, the widespread UV detection system is not the
method of choice, unless analyte derivatization is performed. MS
detection is the state of the art technology and is our recommen-
dation for AG determination. It can be coupled to all three types of
LC mentioned, as long as volatile mobile-phase additives are
applied. PAD and ELSD can be considered as alternative approaches.
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Updates	 (2015	 –	 2018)	 on	 challenges	 in	 determination	 of	
aminoglycosides,	a	mini	review	

Introduction	
Given the time between the publication of the review and the Thesis, it seemed useful to give some 
update on recent developments in the field of the analysis of aminoglycosides (AGs) by 
chromatographic methods. In almost all relevant reports, selected for this update, mass 
spectrometry (MS) is used for detection after chromatographic separation. This can be tandem 
mass spectrometry (MS/MS) on a tandem-quadrupole instrument operated in selected-reaction 
monitoring (SRM) mode, although in some cases high-resolution instruments are used, e.g., [1-3]. 
In some reports, evaporative light scattering detection (ELSD) [4-7] or charged aerosol detector 
(CAD) were used instead [8, 9]. In most cases, the AGs were analyzed as such, although pre-
column derivatization with o-phthalaldehyde (OPA) or borates prior to reversed-phase liquid 
chromatography (RPLC) were described [10, 11]. Selected chromatographic methods are 
illustrated in Table 1. 

Advances	in	pre‐concentration	and	extraction	
In most reports, cleanup of extracts is performed using solid-phase extraction (SPE), mostly on 
materials previously described.   

Mokh et al. compared SPE using either C18-based material or a sulfonic acid-based strong cation-
exchange (SCX) cartridge. The C18-based cartridge required preconditioning with an ion-pairing 
agent (IPR), in this case pentafluoropropionic acid (PFPA) (0.7%). The elution of retained AGs 
was performed by methanol. The SCX cartridge required sample acidification to enhance their 
retention. Acidification resulted in poor stability of streptomycin and dihydrostreptomycin. Elution 
from the SCX required careful optimization of the ammonia content (7%), which given the volatile 
nature of ammonia may influence the robustness of the method. In the end, the C18 cartridge was 
preferred over the SCX [12].  

The use of polymer-based mixed-mode hydrophobic and weak ion exchange (WCX) and  the 
polymeric-based cationic exchange sorbent (PCX) cartridges has been reported by others [13]. The 
WCX cartridges were suitable to clean up dihydrostreptomycin, streptomycin and gentamicin with 
an eluent consisting of 10%/20%/70% acetic acid/water/methanol. The PCX cartridges were used 
to clean up neomycin, apramicin, hygromycin, kanamicin, spectinomycin and tobramycin using a 
mixture of 20%/20%/60% ammonium hydroxide/water/methanol as an eluent [13].  

A combination of both approaches was also presented in [14, 15], where the sample clean-up 
started on a C18 column using an IPR to aid retention of the AGs. The compounds retained on the 
C18 column were then eluted and introduced into the WCX cartridge for specific retention of AGs.  
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Molecular imprinted polymers (MIP) are synthetic polymers specifically synthesized with 
recognition sites for the target analyte. They are very beneficial in sample cleanup and reduction 
of matrix effect which is especially important when using ESI-MS/MS for detection [16, 17]  

Innovative types of column materials for clean-up and analysis of AGs have also been reported. A 
hydrophilic material for the efficient extraction of AGs was generated by the use of polyvinyl 
alcohol (PVA) coated silica [18]. Another innovative extraction material involves the use of a 
monolithic urea formaldehyde [4] and poly(methacrylate-co-ethylenedimethacrylate) [19] 
columns. Functionalized magnetic iron nanoparticles (MNPs) have also been employed for the 
extraction of AGs from milk samples. Magnetic graphene/mesoporous silica composites 
functionalized with boronic acid were added to the supernatant of milk samples after protein 
precipitation by trichloroacetic acid (TCA) and treatment with an appropriate amount of EDTA. 
After some interaction time, the MNPs were collected by an external magnet. The adsorbed AGs 
were eluted from the particle surface using acidified methanol [20].  

In another report, a dynamic mixed matrix membrane tip was recruited where the patented polymer 
(HLB) was mixed with cellulose triacetate and the mixture was immobilized on plastic pipette tips 
by evaporation. The matrix was found able to retain the AG tobramycin where desorption of the 
analyte for subsequent analysis was performed by 5 mM formic acid [17]. Other innovative sample 
clean-up techniques include the immunoaffinity column [21] and dispersive solid phase extraction 
[22]. 

Sample cleanup using a C18 material has also been described. For the analysis of AGs in milk and 
muscle extracts, the extracts were treated with EDTA, followed by protein precipitation by TCA. 
After centrifugation, cleanup of the extract by C18 material was performed, thus retaining non-
polar material present in the sample. The cleaned supernatant was analyzed [1]. 
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Advances	in	analytical	methods	
Separation of AGs prior to (mostly) MS/MS detection is performed using either ion-pair liquid 
chromatography (IPLC) or hydrophilic interaction chromatography (HILIC). In IPLC, different 
IPRs have been added to the mobile phase, that is PFPA [12, 23], heptafluorobutyric acid (HFBA) 
[5, 6, 24-27], or nonafluoropentanoic acid (NFPEA) [1]. With respect to HILIC, two column 
chemistries are generally preferred, that is bare silica [4], [20], [11], [28] and zwitter-ionic 
materials [9, 18, 29-31]. A specially designed HILIC material (CAPCELL PAK ST, which is a 
polymer-coated silica material) has been applied for the analysis of streptomycin and 
dihydrostreptomycin [32] and more recently the diol-type HILIC had been tested as well [7].  

The analysis of the various gentamicin components (C1, C1a, C2, C2a, C2b, and others) poses special 
challenge due to their high alkalinity. Even the HILIC columns were not efficient for separating 
the gentamicin components. ZIC-HILIC was only able to retain the C1a component of gentamicin. 
Based on its graphite polarity retention effect, porous graphite columns like Hypercarb are capable 
to retain the gentamicins. Examples are given in [33] and [34]. In another report on the separation 
of gentamicin components, analyte separation is performed on a HPH-C8 column (a material 
stabilized for use with high-pH mobile phases) using an alkaline mobile phase to suppress the 
gentamicin ionization in the mobile phase [35]. 

A method was also described where the IPR is used in the reconstitution solution rather than as a 
component of the mobile phase. Eleven AGs were extracted from honey and royal jelly. The 
extracts were evaporated to dryness and reconstituted into a mixture of 1.98 mL of 0.3% acetic 
acid in water and 20 μL of HFBA. The samples were analyzed using a C8 column and MS/MS 
detection [13]. In a similar approach, sodium 1-heptanesulfonate as IPR was added to the sample 
extract. The separation was performed using an Acquity HSS T3 analytical column followed by 
MS/MS detection [36]. 

Another innovative modification to IPLC is the electrophoretic mobility control which is applied 
to alleviate the ionization suppression effect of IPR in ESI-MS/MS. In this application, a junction 
column was placed between the analytical column and the detector. An electric field was applied 
across the junction column causing the positively charged AG to migrate toward the mass 
spectrometer whereas the IPR anions remained in the junction reservoir [37]. 

The Obelisc R mixed-mode column was efficiently recruited for the separation of 9 AGs. The 
column contains both positively and negatively charged groups separated by a hydrophobic chain, 
which makes it an optimal alternative for separation of AGs. In this case, the number of amine 
groups in the AG molecule is directly proportional to its retention time which suggests that the 
retention is mainly based on interaction with the negatively charged groups in the column [38].  
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A B S T R A C T

Warfarin (WRN) use is plagued by response fluctuation which is managed by dose adjustment. The plasma WRN
level had always been an abandoned prerequisite for dose adjustment. However, recent reports had correlated
WRN level to the consumed dose. More importantly, the intra-individual alteration in WRN level was found
proportional to response fluctuation. This renewed the interest to use WRN level prior to dose adjustment to
account for dispensing errors or inadequate adherence. Detection of possibly interacting drugs may further assess
compliance and enable a wiser dose adjustment.

In this study, an LC–MS/MS assay was developed and validated for the determination of the WRN and the
simultaneous detection of interacting drugs in citrated plasma samples normally collected for monitoring in-
ternational normalized ration (INR). Samples were prepared by liquid-liquid extraction. Separation of WRN and
interacting drugs (n=19) was achieved on an Inertsil®C18 column using a gradient elution program. The assay
was applied in 96 plasma samples from patients.

The developed method was linear, accurate and precise for WRN determination with average recovery of
99.5 ± 8.4% and no relative matrix effect. WRN plasma level was measured in all samples and possible in-
teracting drugs were detected. An improved WRN-response correlation was observed inter-individually when
patient variability was reduced.

Our results support the significance of WRN monitoring and suggest the additional monitoring of other in-
teracting drugs for integrated evaluation of patient adherence. The developed method enables ruling-out in-
adequate adherence prior to unnecessary dose adjustment and highlights the need to strengthen patient edu-
cation procedures.

1. Introduction

Warfarin (WRN) is an important oral anticoagulant that works by
interfering with vitamin K mediated coagulation. Its response is highly
variable among different individuals which make setting the correct
dose challenging. More importantly, its response is unstable even for
the same patient. Therefore, frequent INR (International Normalized
Ratio) monitoring has to be done and the WRN dose has to be adjusted
accordingly [1]. Such empirical dose adjustment is tedious and usually
results in failure which plagues the WRN use [2] (Supplementary ma-
terials 1) [3–5].

In addition to frequent dose changes, WRN response fluctuation
results into serious complications in at least 7% of the WRN users [3–5].

This is mainly attributed to its narrow therapeutic index and being
subject to genetic, physiological, pathological and patient compliance
variations (Supplementary materials 2) [3,6–9].

Patient incompliance and poor adherence may contribute to the
response fluctuation either via missing doses or unsupervised drug-drug
interactions (DDI). It is important to mention that until recently defi-
ciency in patient education and understanding are prevalent resulting
into inadequate sticking to medication regimen and subsequently poor
INR control [3,6–10]. Patient interviews and prescription reviews often
do not explain the observed fluctuations [10]. This is especially im-
portant in a geriatric population where confusing medical schedule,
poly-pharmacy and multiple prescribers are likely to happen. Ad-
ditionally, serious reports of DDI with WRN are numerous [11–14].
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A higher level of therapeutic effectiveness can be achieved using
WRN by adopting proper monitoring and control of patient adherence
[10]. Such measures can make WRN superior over the newer expensive
directly acting anticoagulants specially when treatment cost is critical
[15].

Association between WRN plasma concentration and its response
was previously tackled as a monitoring tool. However, the high varia-
bility and poor correlation between WRN concentration and INR among
WRN receiving populations opposed this.

Recently, Lomonaco et al. and Ghimenti et al. reported that the
consumed WRN dose was well correlated with the WRN plasma level
[16,17]. More importantly, these reports revealed that each person
reaches the optimal coagulation at a certain WRN plasma concentration
and that the oscillations of INR can be explained by a parallel oscilla-
tion in the WRN level. This suggests the usefulness of monitoring WRN
against self-control [16] and renewed the interest to use the WRN level
as an evidence prior dose adjustment.

In this context, an analytical method capable of determining WRN
in plasma can give an evidence-based insight on adherence to the
medication schedule and dose [16,17]. An additional simultaneous
detection of interacting drugs will further confirm/deny compliance to
medication regime and enable a wiser dose adjustment.

Previously reported WRN assays based on liquid chromatography
either with UV [18,19] or MS/MS detection [17,20–23] analyzed WRN
alone or with its major metabolites. Our literature review did not reveal
any analytical method capable of simultaneously measuring WRN and
possible interacting drugs or such application in clinical samples to
analytically evaluate the prevalence of DDI in WRN treated patients.

In this study, an LC–MS/MS method was developed and validated
for the simultaneous determination of the WRN level and the detection
of possibly interacting drugs. Such information can generated without
additional sample withdrawal from patient as the method is applied to
200 μL of citrated plasma normally collected for INR. Accordingly,
while being convenient, the method will give more adequate informa-
tion, improve clinical outcomes and improve patient quality of life. The
method was applied in 96 patients under WRN maintenance therapy to
be evaluated.

2. Materials and methods

2.1. Equipment, reagents and chemicals

A liquid chromatography-tandem-quadrupole mass spectrometry
system (UPLC–MS/MS) system equipped with an electrospray ioniza-
tion (ESI) probe (Waters, Milford, MA, USA) was used. The Acquity
UPLC system included a vacuum degasser, a quaternary pump, a ther-
mostated auto-sampler and a column oven compartment. Data acqui-
sition and processing were performed by the MassLynx 4.2 software.
Separation was performed on an ODS column (4.6× 250mm, 5 μm).
An Eppendorf micro-centrifuge with maximum speed of 14,500 rpm, a
Jenway 6850 spectrophotometer (Staffordshire, UK) and a FLUOstar
Omega plate reader (BMG Labtech, Offenburg, Germany) were used.

Pharmaceutical grade WRN, gatifloxacin, ciprofloxacin, ofloxacin,
sulfamethoxazole, trimethoprim, erythromycin ethylsuccinate, hydro-
cortisone acetate, prednisolone sodium phosphate, dexamethasone so-
dium phosphate, betamethasone valerate (> 99.97%; group-A drugs)
were obtained from NODCAR (Giza, Egypt). Non-steroidal anti-in-
flammatory drugs (NSAIDs; piroxicam, meloxicam, tenoxicam, in-
domethacin, ketoprofen, diclofenac, and ibuprofen) were extracted
from pharmaceutical preparations for tuning and method development
(group B drugs). Acetonitrile, methanol, formic acid, acetone and bro-
mocresol green (BCG) were obtained from Sigma Aldrich (Darmstadt,
Germany). Ammonium acetate was obtained from Fischer Scientific
(USA). Un-spiked drug-free human plasma was obtained from Egyptian
Company for Biological Products and Vaccines (Egypt). De-ionized
water was used throughout the experiments and produced in-house

from a Millipore Milli-Q System (USA). For measuring the cortisol
concentration, the DRG Cortisol Enzyme Immunoassay Kit (DRG
International, USA) was used.

2.2. Analytical method development

2.2.1. MS/MS tuning
Solutions of gatifloxacin, tenoxicam, piroxocam, meloxicam, WRN,

ofloxacin, ketoprofen, prednisolone, hydrocortisone acetate, diclofenac,
ibuprofen, indomethacin, erythromycin ethyl-succinate, betamethasone
valerate, sulfamethoxazole, ciprofloxacin, trimethoprim and dex-
amethasone were prepared at a concentration of 100 ng/mL. The pre-
pared solutions were separately injected into the MS/MS detector for
determining the best detection conditions in terms of cone voltage,
collision voltage, gas flow, and precursor ion and product ion m/z va-
lues. The initially selected SRM transitions were investigated to find the
most appropriate quantifier ion (the ion which shows best sensitivity)
and qualifier ion (the ion showing the second best sensitivity). The
LC–MS/MS analysis was split between two runs. WRN, the selected
steroids and antibiotics (group-A drugs) were monitored in one run,
while NSAIDs (group-B drugs) were monitored in the other. Within
each run, time-scheduled SRM (ts-SRM) was performed, where a lim-
ited number of the SRM transitions were monitored at a given time. The
SRM transitions used are provided in Table 1.

2.2.2. Chromatographic separation
The chromatographic separation was performed by gradient elution

using gatifloxacin as an internal standard (IS). Selected solvents are
methanol (A), 100mM aqueous ammonium acetate (B), and de-ionized
water (C). The gradient program is given in Table 2. The total run-time
was 20min. The strong injector wash and the seal wash solutions were
composed of an equal mixture of acetone, isopropanol, methanol,
acetonitrile, and de-ionized water. The weak injector wash solution was
composed of methanol and de-ionized water (15:85, v/v). The injection
volume was 50 μL.

2.2.3. Sample preparation
2.2.3.1. Protein precipitation using a mixture of methanol and formic
acid. In this method, 200 μL of plasma was mixed with 800 μL of
10% formic acid in methanol. After vortexing, the proteins were
precipitated by centrifugation at 14500 rpm. The supernatant
(500 μL) was diluted with 1500 μL de-ionized water.

2.2.3.2. Protein precipitation using acetone. In the acetone precipitation
method, 1mL of 20% acetic acid in acetone was added to 200 μL plasma
sample. After 10min stand at room temperature, the sample was mixed
by vortex, followed by centrifugation at 14500 rpm for 10min. The
supernatant (500 μL) was diluted with 1500 μL de-ionized water.

2.2.3.3. Liquid-liquid extraction (LLE) method. The liquid-liquid
extraction (LLE) was performed by adding 100 μL of acetic acid to a
200 μL plasma sample, followed by the addition of 1mL of the
extraction mixture (ice cold ethyl acetate and diethyl ether, 50:50, v/
v). The content of the tube was vortexed and the organic layer
separated by centrifugation. From the upper layer after
centrifugation, 800 μL was carefully removed. The extraction with
organic solvent was repeated three successive times and the
supernatants were combined. The combined organic layer was
evaporated at 70 °C and reconstituted in 1500 μL of an acetone/water
mixture (1:3; v/v) acidified by 10% acetic acid.

The three extraction procedures were investigated and the best was
adopted for validation and application to analyze samples.

2.2.4. Method validation
The method for the quantification of WRN and the detection of

selected drugs possibly involved in DDI was validated according to
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international conference on harmonization (ICH) guidelines. Linearity
testing was performed in a matrix-based calibration curve. Precision,
accuracy, recovery, matrix effect, relative matrix effect, and stability
tests were performed in spiked citrated plasma as quality control (QC)
samples at 4 levels (UQC, HQC, MQC and LQC). The limit of detection
(LOD) and quantitation (LOQ) were determined experimentally.

2.2.5. Application to patient samples
Left-over plasma from samples (n=96) submitted for INR testing

(collected at 9 am to have similar cortisol levels) were analyzed. The in-
house developed LC–MS/MS method was used to determine the WRN
plasma level and detect DDI in the tested samples. Methods for

monitoring albumin and steroids are described in Supplementary ma-
terials 3.

3. Results and discussion

In this study, a sensitive LC–MS/MS method for the simultaneous
determination of WRN and the detection of possible interacting drugs
was developed and validated. The method was applied to patients
under WRN maintenance therapy to investigate the WRN level in these
patients as well as assessing the prevalence of DDI. Additionally, the
correlation between the WRN plasma level and its response among
different individuals was evaluated when the patient variability was
reduced.

3.1. Analytical method development and validation

3.1.1. Choice of MS method and chromatographic separation
The analysis of WRN and 19 interacting drugs was performed by ts-

SRM in two runs. In the first run, WRN and the group-A drugs were
monitored in the retention times between 0 and 20min; the steroids
eluted between 10 and 20min. NSAIDS (group-B drugs) were mon-
itored in the second run. Details of the MS method are described in

Table 1
SRM transitions for the simultaneous determination of the target analytes.

Time (min) Precursor ion m/z Product ion m/z Dwell time (s) Cone voltage (V) Collision energy (V) Retention time (min)

First analytical run
0–10 Sulfamethoxazole 254.0 108.0 0.005 20 25 5.84

Sulfamethoxazole 254.0 156.0 0.005 20 25
Trimethoprim 291.0 123.0 0.005 40 30 7.14
Trimethoprim 291.0 261.0 0.005 40 30
Warfarin 308.9 163.0 0.005 30 15 8.73
Warfarin 308.9 251.0 0.005 30 15
Ciprofloxacin 332.2 288.0 0.005 35 25 6.95
Ciprofloxacin 332.2 314.1 0.005 35 25
Prednisone 361.3 147.0 0.005 25 20 9.29
Prednisone 361.3 171.0 0.005 25 20
Cortisone 361.3 163.1 0.005 40 20 9.27
Ofloxacin 362.3 261.0 0.005 30 30 8.86
Ofloxacin 362.3 318.3 0.005 30 30
Hydrocortisone 363.1 121.1 0.005 40 20 9.36
Hydrocortisone 363.1 241.0 0.005 40 20
Gatifloxacin 376.4 261.0 0.005 20 40 7.38
Gatifloxacin 376.4 358.0 0.005 20 20
Betamethasone 393.2 355.4 0.005 25 10 9.65
Betamethasone 393.2 373.1 0.005 25 20
Dexamethasone 393.4 373.2 0.005 30 10 9.65
Dexamethasone 393.4 355.2 0.005 60 10

10–20 Hydrocortisone acetate 405.2 121.0 0.005 40 20 10.03
Hydrocortisone acetate 405.2 241.0 0.005 40 30
Betamethasone valerate 477.6 279.0 0.005 25 20 15.07
Betamethasone valerate 477.6 355.4 0.005 25 10
Erythromycin ethylsuccinate 862.3 116.2 0.005 40 50 13.65
Erythromycin ethylsuccinate 862.3 158.2 0.005 40 50

Second analytical run
0–10 (+) Piroxicam 332.0 71.9 0.028 55 20 7.98

Piroxicam 332.0 163.5 0.028 55 35
Tenoxicam 338.0 164.0 0.028 25 15 7.71
Tenoxicam 338.0 200.0 0.028 25 20
Meloxicam 352.0 115.0 0.028 25 25 8.59
Meloxicam 352.0 141.0 0.028 25 20

0–10 (−) Ketoprofen 253.1 208.7 0.028 20 40 8.91
Ketoprofen 253.1 253.3 0.028 20 40

10–20 (−) Ibuprofen 204.9 161.3 0.032 20 30 10.32
Ibuprofen 204.9 204.9 0.032 20 30
Diclofenac 249.9 178.1 0.032 20 20 10.17
Diclofenac 249.9 213.9 0.032 20 20

10–20 (+) Diclofenac 249.9 178.1 0.032 20 20 10.17
Diclofenac 249.9 213.9 0.032 20 20
Indomethacin 358.0 111.0 0.032 10 44 10.67
Indomethacin 3580 139.0 0.032 10 44

Table 2
Gradient elution program.

Time
(min)

Flow rate
(mL/min)

%A:
methanol

%B: 100mM
ammonium acetate

%C: water

0 1 15 75 10
6 1 78 18 4
7 1 83 17 0
12 1 81.5 18.5 0
13 1 15 75 10
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Table 1. The ts-SRM and splitting of the analysis over two separate runs
are applied to increase the dwell time for each analyte and accordingly
increase the sensitivity. A successful chromatographic separation was
performed by a gradient elution program as displayed in Table 2.
Table 1 represents the retention time of each analyte (representative
chromatograms are displayed in Supplementary material 4).

3.1.2. Sample preparation
Several sample preparation methods were tested. Protein pre-

cipitation was investigated using methanol or acetone as well as liquid-
liquid extraction (LLE). The methanol protein precipitation method was
not successful in terms of extraction efficiency as well as relative matrix
effect. By comparing the analytical response obtained from WRN
standards solution to those of equal concentration extracted from
plasma, it was found that poor extraction efficiency was achieved,
which was not uniform over the concentration range tested with re-
lative standard deviation (RSD) of 31.6. This was also true for other
analyzed drugs including the internal standard where the RSD was up
to 57.9 (Supplementary materials 5). Moreover, the methanol method
showed a relative matrix effect as evidenced from the slope variation
when applied to plasma samples obtained from 5 different individuals
(Supplementary materials 6) [24]. Accordingly, methanol precipitation
method was not used in the assay.

Two other methods were tested for the extraction of samples. The
first choice was the use of acetone as a protein precipitating solvent due
to its ability to co-precipitate phospholipids (PL) and its relative ease of
application compared to LLE [25,26]. In this method, the plasma
samples were mixed with a mixture of cold acetone and acetic acid. The
plasma was left for 10min to totally precipitate all the proteins fol-
lowed by vigorous vortex mixing. The method was tested for its ability
to remove or reduce PL by monitoring the relative matrix effect and by
reduction of PL peaks in the plasma extract using several PL-specific
SRM transitions (Supplementary materials 7). For both parameters,
acetone precipitation was successful. However, the acetone precipita-
tion method suffered from an unexplained problem of non-zero inter-
cepts which was observed in plasma samples from different sources
(Supplementary materials 8 and 9). This made the acetone precipitation
method unsuitable for this application.

Finally, LLE showed the optimum performance. In this procedure,
extraction was performed by using ethyl acetate and diethyl ether.
Many modifications were investigated to optimize the procedure. First,
each solvent was tested as a single extraction solvent. On using ethyl
acetate alone, poor extraction efficiency was obtained for WRN as well
as poor linearity over the range 80–4000 ng/mL. Diethyl ether did not
show this problem but it was more difficult to handle due to its high
volatility. A double extraction procedure was explored, with subsequent
extractions with each solvent. This procedure was successful in ex-
tracting all drugs, but the handling of diethyl ether remained a pro-
blem. Finally, an equal mixture of both solvents was used for extraction.
The mixture was prepared and left in an ice bath until use, because the
cold mixture was easier to pipette than the one left at room tempera-
ture. Each plasma sample was extracted three times to ensure the

complete extraction of the analytes. Prior to extraction, acetic acid
(100 μL) was added to acidify the sample and thereby improve the re-
covery of WRN. This in-house optimized LLE method was selected for
sample preparation because it overcame all shortcomings of other in-
vestigated methods.

3.1.3. Analytical method validation
The described LC–MS/MS method was validated for the quantitative

determination of WRN and the detection of the selected interacting
drugs. Linearity was determined in a matrix-based calibration curve,
while other validation parameters were tested on four level QC samples
(240 (LQC), 2000 (MQC), 3600 (HQC) and 4400 ng/mL (UQC)).

3.1.3.1. Linearity and range. The method was found to be linear for the
WRN determination in the range of 80–4000 ng/mL with a correlation
coefficient of 0.997. The experimentally determined LOD was 4 ng/mL
while the LOQ was 20 ng/mL.

3.1.3.2. Accuracy and precision. Accuracy was determined by
comparing the nominal concentration of the QC samples to that
calculated from the calibration curve equation. The method was
accurate for the WRN determination with an average accuracy of
112.5 ± 5.6%. Intra-day and inter-day precision was found to
be<4.5% and 4.7%, respectively.

3.1.3.3. Extraction recovery and matrix effect. The extraction recovery
was assessed by comparing the analytical response of extracted QC
samples to post extraction spiked QC samples. Recovery was uniform
over the tested concentration range with average value of
99.5 ± 8.3%.

The absolute matrix effect was tested by comparing the analytical
response of post-extraction spiked samples to that of the drug dissolved
in solvent. An average ionization suppression of 25% was observed.

No relative matrix effect was observed where plasma from 5 dif-
ferent sources did not show slope variation (CV < 4%) [24]. No system
carry-over was observed when injecting the upper QC sample followed
by a blank one.

3.1.3.4. Sample stability. Samples were found to be stable at room
temperature for at least 6 h and for 24 h in the auto-sampler.
Additionally, samples were stable for 3 freeze and thaw cycles. Long-
term stability testing showed that the samples were stable for at least
7 days. Finally, the WRN stock solution was stable for at least 2 weeks at
room temperature.

The detailed validation results and their comparison with previously
reported methods are presented in Tables 3 and 4, respectively.

3.1.4. Method application
The developed assay was successfully applied to the determination

of the WRN concentration and gave evidence-based result on the WRN
plasma level and the presence (if any) of interacting drugs.

Initially, the measured WRN levels were not correlated with INR

Table 3
Warfarin LC–MS/MS method validation.

WRN (ng/
mL)

Accuracy (%) Inter-day
precision (CV%)

Intraday
precision (CV%)

Recovery (%) Short term
stability

Long term
stability

Freeze and
thaw stability

Auto-sampler
stability

Absolute matrix effect
(ionization suppression)

240 119.8 2.43 3.43 109.4 100.4 99.2 99.3 99.2 25.4
2000 108.5 3.21 4.32 98.6 99.4 100.3 98.3 102.3 23.4
3600 109.3 1.43 2.67 100.9 102.3 102.4 100.2 100.3 26.3
4400 103.2 4.53 4.65 89.2 98.3 99.2 101.2 98.3 24.3

The recovery (RE) was calculated by comparing the analytical response of drug spiked in pre-extraction spiked sample (A) to that post-extraction spiked sample (B);
RE=A / B×100.
The absolute matrix effect (ME) was calculated by comparing the analytical response of post-extraction spiked samples (B) to that of drug dissolved in solvent (C);
(C− B) / C× 100.
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results among the 96 samples (R2= 0.054; Fig. 1a), which agrees with
previous findings [1,27]. On examining the deviating samples for DDI,
NSAIDs appeared in 11 samples while antibiotics and steroids were
found in 5 and 2 patients, respectively. Samples with poor correlation
were tested for albumin level as well as endogenous cortisol levels
[28,29]. Abnormalities in the albumin and the endogenous cortisol le-
vels explained deviations in 9 and 6 samples, respectively. A significant
improvement in the correlation (R2= 0.622) was observed between the
measured WRN levels and the INR values on excluding these samples
(Fig. 1b).

These results indicate that the reduction in patient variability (DDI,

albumin and steroids abnormalities) improved the correlation between
WRN and INR among WRN users which supports the significance of
monitoring both WRN levels and possibly interacting drugs.

4. Conclusions

In this study, a single convenient assay for the determination of
WRN level as well as the detection of DDI in patient under WRN
maintenance therapy was developed and validated. The assay can give
insight on patient adherence to medication regimen via comparing the
WRN level to that of the same patient in his controlled state.
Additionally, the assay can reveal interactions due to unsupervised drug
consumption. Such information can be generated without the need for
additional sample withdrawal from the patient since the method works
on small volume of the citrated plasma sample that was already col-
lected for INR.

The method was successfully applied in 96 patients under WRN
maintenance therapy. The results revealed a significant correlation
(R2= 0.622) between plasma WRN levels and INR values after ex-
cluding deviating samples showing DDI (n=16), abnormal albumin
(n=9), or abnormal steroid (n=6) levels.

The results obtained in this study and those of Lomonaco et al. and
Ghimenti et al. [16,17] underscore the importance of monitoring WRN
level and detecting DDI and other pathological variations to achieve an
integrated understanding of possible causes of INR fluctuation prior to
dose change.

This information may guide the physician to strengthen patient
education on adherence to therapy (rather than simply changing WRN
dose). The availability of such analytical data provides evidence-based
understanding of the WRN response oscillation. This may be especially
useful for elderly or under-educated patients (when interviewing pa-
tients does not suffice) and/or to account for any possible drug dis-
pensing errors [28].
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Table 4
Comparison of the present method with other reported methods for the determination of warfarin.

Parameter The developed method Previously reported methods

Lomonaco et al. [30] Zuo et al. [20] Ghambari et al. [21] Naidong et al. [23] Ghimenti et al. [17]

Range (ng/mL) 80–4000 100–3000 5–1500 15–3000 1–100 0.05–15
Accuracy (CV) 110.2 (0.06) 88.3 (0.01) 102.7 (0.11) – 103.7 (0.05) 98 (0.02)
Intra-day precision (CV%) <4.53 < 4 <9.8 2.8 < 6 <10
Inter-day precision (CV%) <4.65 < 3 <6.2 6.5 < 7.5
Recovery (CV) 99.5 (0.08) – 98.1–108 (−) 91.0 (0.03) 95.7 (−) –
Short-term stability 98.3–102.3 – – – 99.9–102.7 –
Long term stability 99.2–102.4 – – – – –
Freeze and thaw stability 98.3–101.2 > 80 99.4–112.4 – 100.8–104.0 –
Auto-sampler stability 98.3–102.3 – 83.5–99.6 – 100.9–107.3 –
Experimental LOD (ng/mL) 2.00 – 1.5 5 – –
Calculate LOD (ng/mL) 0.33 0.4 – – – 0.004
Experimental LOQ (ng/mL) 20.00 – 5 – – –
Calculated LOQ (ng/mL) 1.00 1.3 – – 1 0.014
Absolute matrix effect (%) 23.4–26.3 < 10 – – – –

CV is the coefficient of variation.
Calculated LOD and LOQ were derived as 3 and 10 times SD of the analyzed low level spiked blank [30].
(−) denotes that the numerical data were not reported.

Fig. 1. a) Correlation of INR values with the WRN concentration without ex-
cluding drug-drug interaction and physiological factors; b) Correlation of INR
values with the WRN concentration after exclusion of plasma samples involving
(possible) drug-drug interaction and of patients of physiological variations.
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Supplementary material 1.

Supplementary material 1. Illustration of WRN mechanism of action and its effect on blood coagulation process.  
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Supplementary meaterial 2 

Supplementary materials 2. Asummary of factors affecting WRN response. 
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Supplemetary materials 3 
Methods for measurement of other factors 

- Albumin concentration: The plasma albumin level was determined by the
bromocresol green (BCG) method. Briefly, 10 μL plasma was added to a BCG
solution in a 100 mmol/L succinate buffer pH 4.20. A colored complex was
produced and measured at 628 nm. The method was previously examined for
linearity. The albumin concentration relationship is linear for samples containing up
to 6 g/dL albumin. Bilirubin, moderate lipemia, and salicylate do not interfere with
the analysis. The limit of detection is 0.3 g/dL, and the limit of quantitation is 0.31
g/dL.

- Level of cortisol in plasma: 20 μL of plasma samples (collected at 9 pm) were
transferred into a 96 well plate coated with cortisol antibodies. 200 μL of
horseradish peroxidase conjugate was added to each well, followed by 60 min
incubation at room temperature. Washing was done to remove unbound conjugate
followed by drying. Each well received 100 μL of substrate (tetra-methyl benzidine)
solution and was left for 15 min at room temperature. A 100 μL stop solution was
added to the wells to the end the enzymatic reaction and absorbance was measured
at 450 nm on a calibrated plate reader. The cortisol level was measured against a
standard curve of range 0-800 ng/mL.
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Supplementary material 4a . Chromatogram of group a in first analytical run where all drugs are detected on positive ionization mode. 

LC–MS/MS assay for assessing medical adherence in patients under warfarin maintenance therapy 
Supplementary materials 

Supplementary material 4b . Chromatogram of Group b and simultaneously detected drugs in second analytical run where piroxicam, 
tenoxicam,  meloxicam ibuprofen and diclofenac were detected in positive mode while ketoprofen, diclofenac and indomethacin were 
detected in negative ionization mode 
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Supplementary material 5.  Extraction efficiency using methanol and 10% formic acid as protein 
precipitating solvent 

Drug ng/m
L 

analytical of drug analyzed in Extraction efficiency 
(f/e) drug solution 

(e) 
Plasma after methanol 

extraction (f) 

WRN 

400 147.7 169.6 114.8 

2000 1381.0 1913.9 138.6 

16000 6866.5 14318.6 208.5 

Average 154.0 
RSD 31.6 

sulfamethoxazole 

1600 1479.3 1498.7 101.3 

8000 7232.0 12189.0 168.5 

64000 34061.4 76522.3 224.7 

Average 164.8 
RSD 37.5 

trimethoprim 

16000 280.6 288.0 102.7 

20000 1321.7 1973.2 149.3 
16000

0 
5173.2 12802.3 247.5 

Average 166.5 
RSD 44.4 

ciprofloxacin 

400 431.6 698.8 161.9 

2000 3304.7 7005.4 212.0 

16000 19976.6 40405.7 202.3 

Average 192.1 
RSD 13.8 

ofloxacin 

400 775.5 670.0 86.4 

2000 2935.2 5494.0 187.2 

16000 13741.5 30374.2 221.0 

Average 164.9 
RSD 42.5 

Gatifloxacin 400 

7283.7 5334.0 73.2 

7509.7 7155.5 95.3 

6255.3 6742.7 107.8 

Average 92.1 
RSD 19.0 

Hydrocortisone 
acetate 

400 4.1 2.4 57.5 

2000 76.8 108.6 141.3 

16000 530.4 928.2 175.0 

Average 124.6 
RSD 48.6 
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Betamethasone 
valerate 

400 6.0 16.2 268.1 

2000 75.7 60.8 80.2 

16000 325.96 1089.2 334.2 

Average 227.5 
RSD 57.9 

 Extraction efficiency test was performed by comparing the analytical response of each drug 
(at different concentrations) after its extraction from plasma to that of the same drug 
when dissolved in corresponding solvent  
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Supplementary material 6. The estimation of the relative matrix effect using the 
methanol protein precipitation method. A 3 point linearity plot were performed for 
WRN and some antibiotics. The slope of the curves was compared. It was observed that 
the slope of the curves vary more than 3% which indicates a relevant relative matrix 
effect.  
Reference: Matuszewski, B. K.; Standard line slopes as a measure of a relative matrix 
effect in quantitative HPLC–MS bioanalysis; Journal of Chromatography B (2006);  
830.2: 293-300.  
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Supplementary materials7. SRM for monitoring PL 

Positive ionization transitions negative ionization transitions 

PL species 
Precursor 
ion 

Produc
t ion 

PL species 
Precursor 
ion 

Product 
ion 

Lysophosphatidyl 
ethanolamine (C16:0) 

454.3 313.3 
Lysophosphatidic acid Na 
(C16:0) 

409.2 153.1 

Lysophosphatidyl choline 
(C16:0) 

496.1 184.1 
Lysophosphatidyl glycerol 
(C18:0) 

511.3 153.1 

Lysophosphadedyl glycerol 
(C16:0/C18:2) 

513.2 341.2 
Lysophosphatidyl serine 
(C18:1) 

522.3 153.1 

Lysophosphatidyl serine 
(C18:1) 

524.3 339.3 
Phosphatidic acid Na 
(C16:0/C18:2) 

671.4 153.1 

Lysophosphatidyl choline 
(C18:0) 

524.4 184.1 
Phosphatidyl glycerol 
(C16:0/C18:2) 

745.5 153.1 

Sphingomyelin (C18:1/C18:0) 731.6 184.1 
Phosphatidyl serine 
(C18:0/C22:6) 

834.4 153.1 

Phosphatidyl glycerol 
(C16:0/C18:2) 

747.5 575.5 
Phosphatidyl inositol 
(C18:1/C18:1) 

861.3 153.1 

Phosphatidyl choline 
(C16:0/C18:2) 

758.5 184.1 
Phosphatidyl inositol 
(C18:1/C18:1) 

861.6 241.2 

Phosphatidyl choline, 
(C16:0/C18:1) 

760.5 184.1 Phosphatidic acid Na  (C16:0) 409.2 153.1 

Phosohatidyl ethanolamine 
(C18:0/C20:4) 

768.6 627.5 
Lysophosphatidyl glycerol 
(C18:0) 

511.3 153.1 

Plasmalogephosphatidyl 
choline (C19(plasm)/C18:1) 

772.6 184.1 

Phosphatidyl serine 
(C18:0/C22:6) 

836.6 651.5 

Reference: Xia Y. and Jemal M. ; Phospholipids in liquid chromatography/mass spectrometry 
bioanalysis: comparison of three tandem mass spectrometric techniques for monitoring 
plasma phospholipids, the effect of mobile phase composition on phospholipids elution and 
the association of phospholipids with matrix effects; Rapid Commun. Mass Spectrom., (2009); 
23: 2125–2138.  
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Supplementary material 8. Calibration plots for WRN and some antibiotics obtained by the 
acetone protein precipitation method. The plot displays a large intercept in case of WRN as 
well as erythromycin. 
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Supplementary material 9. Comparison of the acetone protein precipitation and LLE 
methods in terms of appearance of large intercept in the WRN linearity plot.  An 
unexplained intercept which was obtained in the acetone protein precipitation method 
was absent in the LLE method.  
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Chapter 3b 

Comparing	the	impact	of	patient	physiological	and	adherence	variations	
on	 adequacy	 of	 coagulation	monitoring:	Application	 to	 patients	 under	
maintenance	therapy	

Abstract	
Introduction: Administering warfarin (WRN) implies frequent monitoring via observing the 
international normalized ratio (INR).  Irrational use of WRN along with numerous patient related 
variations may affect the adequacy of the monitoring and results into poor clinical management.  

Objective: The aim of this study is to compare the impact of age, sex, hemoglobin, packed cell 
volume (PCV), and albumin levels as well as rational use of WRN in terms of good prescribing 
practice and patient adherence on WRN therapeutic response.  

Method: INR was recorded in patients under WRN maintenance therapy (n=96). Hemoglobin, 
PCV and albumin levels were recorded. Prescription analysis was performed and the patient 
adherence to the medication regimen was analytically assessed using an LC-MS/MS method.   

Results: In the study group, 45% achieved the target INR (2 – 3.5).  We observed a significant 
difference in age, the hemoglobin concentration, the PCV, and the albumin level between patients 
who achieved an optimum INR and those who did not. An indirect correlation was deduced 
between the albumin level and the INR in the tested population. Analytical assessment revealed a 
lack of adherence to WRN dose in uncontrolled population. Additionally, drug-drug interactions 
(DDI) and unsupervised drug consumption or missing prescribed ones (in at least 5% of the cases
) were observed.

Conclusions: In our study, the albumin level was determined as the most important physiological 
predictor for the INR variations. Additionally, the drug-drug interactions and lack of adherence to 
the WRN dose contributed to poor coagulation control.  These results suggest that for adequate 
coagulation management the albumin level should be controlled. Additionally, the integrated 
therapeutic drug monitoring is essential for a proper interpretation of the INR results and 
successful WRN therapy.   

Key Words: Patient adherence; INR fluctuation; Warfarin monitoring; Drug-drug interaction; 
Drug-disease interaction 
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Introduction		
Blood coagulation involves a complex network of various elements, including both pro- and anti-
coagulation effects. A disruption in the balance between both effects may lead to a coagulation 
problem. Many factors may result into such imbalance leading to unwelcomed thrombotic events, 
for example congenital deficiencies, aging, disease complications or drug-related adverse effect. 
Anticoagulants and/or antiplatelet agents are given for both therapeutic and prophylactic purposes 
to patients at risk of thrombosis.  

Warfarin is a widely used oral anticoagulant that is given to patients at risk of thrombosis due to a 
mechanical heart valve, atrial fibrillation, clotting disorders, or to those at a higher risk of a clot 
after hip or knee surgery. It is also administered to patients who have developed a blood clot, 
including stroke, heart attack, and pulmonary embolism or to deep vein thrombosis patients to 
prevent future incidents [1].  

WRN is prescribed to achieve an optimum coagulation and its dose is adjusted based on the 
monitoring of the ability for blood clot formation (prothrombin time; PT). A standardized term 
used to express the ability of blood clotting is the international normalized ration (INR) [2]. The 
dose is changed when two subsequent INR results deviate from the target range (INR=2 – 3.5) or 
when they are more than 0.3 points apart. In such a case, the change is between 5 – 20 % of the 
weekly warfarin dose [3]. Failure to achieve this critical INR value results into life threatening 
adverse events. In practice, this empirical approach is challenging to physicians and inconvenient 
to patients [4]. This is because numerous patient-related variations may affect the adequacy of the 
INR interpretation. It is worth pointing out that pre-analytical variations are the root cause for 9 – 
15 % of testing errors. For instance, anemia and hematocrit value may contribute to either bleeding 
or thromboembolic events [5]. Furthermore, reduction in the albumin level induced by a liver 
disease or by malnutrition may be associated with a reduction of the coagulation factor formation 
and can have a significant effect on the INR [3, 6].  Likewise, endogenous steroids and sex 
hormones interfere with the coagulation [7, 8].  

Beside patient physiological factors, a critical contributor to rational use of WRN is the good 
prescribing practice (especially in terms of avoiding drug-drug interaction (DDI), adequate patient 
education and the consistency in the patient adherence to the treatment regimen. In this context, 
extra care is provided by physicians and pharmacist for prescriptions involving WRN. WRN-
treated patients are educated on the potential effect of the drug and food interactions on their blood 
coagulability. Dose adjustment and close monitoring is crucial when WRN is co-administered with 
other drugs or when the medication scheme or the lifestyle is changed. For example, non-steroidal 
anti-inflammatory drugs (NSAIDs) are known to interfere with WRN and cause an elevation of its 
therapeutic effect where they have an anti-platelet function which may induce blood thinning 
effect. In addition, they directly interfere with WRN through competing on protein binding and 
the CYP-dependent metabolism [9]. Steroids (corticosteroids and sex hormones) interact with 
WRN and cause a reduction of its effect. Conversely, a reduced vascular integrity is observed 
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which may result in bleeding [10, 11]. Antibiotics (ABs) may interfere with the bacterial flora 
production of vitamin K or interfere with the WRN metabolism causing a risk of bleeding and 
over-anticoagulation, respectively [12-14]. Interestingly, such interactions can occur 
unsupervised, especially in under educated or confused populations [15]. All these patient-related 
factors contribute to the WRN response and render accurate dosing problematic. More importantly, 
variations in any of these factors are associated with response oscillation. Such variations may 
result into up to 40-50% failure to achieve an adequate coagulation control [4]. Direct oral 
anticoagulants (DOAC) are now available which have a favorable safety and response variability, 
compared to WRN, as well as predictable pharmacokinetic profile [16]. However, these DOACs 
were not included in this study. 

The aim of this study is to investigate and compare the significance of patient-related variables on 
the adequacy of the INR interpretation and the assessment of the rational use of WRN in terms of 
adopting good prescribing practice and patient adherence to treatment regimen and their 
significance for successful WRN therapy.   

Experimental	

Recruiting	patients	and	data	analysis	
A total of 96 patients were recruited in the study, 53 of which were male and 43 female. The 
average age of recruited patients was 47.8 years while the minimum and maximum age of recruited 
patients was 29 and 78, respectively. Patient packed cell volume (PCV), hemoglobin and albumin 
levels were measured (as described in chapter 3a). Results were statistically analyzed (SPSS, vs. 
18, IBM Corporation; Armonk, NY, USA and GraphPad Prism, vs. 8) and their correlation to WRN 

response was assessed.  

Assessment	of	rational	use	of	WRN	
Assessment of adherence to dose and avoidance of DDI was performed by prescription analysis 
and an analytical LC-MS/MS method that was developed and validated in-house using an Acquity 
UPLC-MS/MS system equipped with ODS column (4.6 × 250 mm, 5µm), a tandem-quadrupole 
mass spectrometry detector with an electrospray ionization (ESI) probe (Waters, Milford, MA, 
USA) [17].   

Results	and	Discussion	
In this study, the significance of multiple predictors on the WRN response was weighed against 
each other to determine the most effective factor on blood coagulation. These factors included the 
gender, age, hemoglobin concentration, the PCV and the albumin level as well as the rational use 
of WRN.  
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Assessing	the	significance	of	gender	and	age	
The impact of gender on achieving optimum INR control was assessed by using Chi square test. 
It was evident that the gender did not affect the coagulation control significantly where the Chi-
square value was 0.2706 (P= 0.602). On the other hand, patient age varied significantly between 
those who achieved adequate INR control and those who did not by using the Z-test (p<0.0001).  

	Assessing	the	significance	of	patient	pathological	conditions	on	achieving	INR	
The coagulation control was assessed as the INR. Optimum coagulation (INR=2-3.5) was achieved 
in only 45% of the tested population (n=96). Laboratory data of the patients included are 
represented in Table 1a.  

By using Z-test, a significant difference was observed between the group that reached optimum 
coagulation and the one who did not in the hemoglobin concentration, the PCV, and the albumin 
levels (Table 1b). This may be explained by the impact of these factors on the coagulation process 
[18]. Similar results were obtained on using the Mann-Whitney test (Table 2) 

Table 1a:  Descriptive statistics of laboratory values of recruited patients.  
Statistical 
parameter 

INR HB% PCV Albumin PT 

Mean 2.00 13.48 40.82 3.24 21.89 
Standard 
Deviation 

0.71 2.53 7.29 0.63 4.73 

Minimum 1.00 6.80 20.00 1.90 14.40 
Maximum 4.94 20.20 59.50 4.70 34.60 
Confidence 
Level (95.0%) 

0.14 0.51 1.48 0.21 1.25 

Table 1b: The results of the Z-test at P=0.05. 
Statistical parameter Hemoglobin  PCV  Albumin 

C U C U C U 
Mean 14.21 12.89 42.88 39.12 2.96 3.64 
Known Variance 6.04 5.82 50.65 47.65 0.17 0.35 
Observations 43 53 43 52 21 15 
z 2.65 2.60 -3.88
P(Z<=z) one-tail 0.004 0.005 <0.0001 
P(Z<=z) two-tail 0.008 0.009 0.0001 

* z critical one-tail: 1.645, z critical two-tail: 1.96; *C: controlled group; *U: uncontrolled group;
Hypothesized mean difference=zero
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Table 2: The results of Mann-Whitney comparison between physiological parameters in 
controlled and uncontrolled groups 

Mann-
Whitney 
parameter 

Hemoglobin  PCV  Albumin 

U 819.1 793.5 49.5 

P 0.0179 0.0147 0.0003 

Mann-
Whitney 
graph 

* The graphical  representation show the greatest  significant difference appearing  in  the albumin  level

between controlled and uncontrolled groups

To compare the impact of different predictors, a Pearson’s correlation test was performed between 
the INR and each of the tested factors. Comparing the correlation coefficients (Table 3a) revealed 
that a weak yet significant correlation was observed between both the hemoglobin level and the 
PCV with INR. On the other hand, among all tested factors, the albumin level had the highest 
correlation to the INR, where a highly significant indirect correlation was observed between the 
albumin level and the coagulation (r=-0.6). This may indicate that the albumin level (among the 
tested predictors) is the most important predictor for achieving an optimum INR control. Similar 
correlations were observed even on assuming nonparametric distribution of data (Spearmen rho 
test) (Table 3a).  

Table 3a: Comparison of correlation coefficient  between three physiological predictors and 
the INR. 

Correlation 
type 

Statistical 
parameter 

Hemoglobin PCV Albumin 

Pearson 

r (Pearson) 0.3213 0.3292 -0.6076
95% confidence 
interval 

0.1291 – 0.4902 0.1367 –  0.4978 -0.7804 – -0.3486

P (two-tailed) 0.0014 0.0011 < 0.0001 

Spearmen 
rho 

r (Spearmen 
rho) 

0.2831 0.2976 -0.6643

95% confidence 
interval 

0.0815 – 0.4624 0.0962 – 0.4757 -0.8184 – -0.4212

P (two-tailed) 0.0052 0.0034 < 0.0001 
n 96 95 36 
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A stronger correlation was observed between the albumin level and the INR in those who did not 
achieved the optimum INR over those who did. This may strengthen the impact of the albumin 
level as an INR predictor, especially for uncontrolled populations. This was not the case for both 
the PCV and the hemoglobin concentration. Even on assuming nonparametric distribution of the 
data, similar results were obtained (on using 90% confidence level; Table 3b) 

Table 3b: Correlation (r) between different predictors in controlled and uncontrolled 
patient population. 

Uncontrolled Controlled 

Hemoglobin PCV Albumin Hemoglobin PCV Albumin 

P
ea

rs
on

  

r 0.1913 0.2048 -0.6191 0.3632 0.3757 -0.203

95% confidence 
interval 

-0.0834 –
0.4389 

-0.0722  –
0.4525 

-0.8590 –
-0.1563

0.0704 – 
0.5983 

0.0849 – 
0.6076 

-0.5836 –
0.2508 

P (two-tailed) 0.1701 0.1453 0.0139 0.0167 0.0130 0.3775 

S
pe

ar
m

en
 r 0.0794 0.0885 -0.4509 0.2822 0.2850 -0.2701

95% confidence 
interval 

-0.2030 –
0.3496 

-0.1970 –
0.3602 

-0.7889 –
0.0966 

-0.0291 –
0.5435 

-0.0260 –
0.5457 

-0.6367 –
0.1962 

P (two-tailed) 0.5719 0.5327 0.0847* 0.0668* 0.0640* 0.2364 

Observations 53 52 15 43 43 21 
*statistically significant at 90% confidence limit

Assessment	of	adherence	to	dose	and	treatment	regimen	on	coagulation	

Assessment	of	adherence	to	dose	
For assessment of patient adherence to dose, a regression analysis between the WRN prescribed 
dose and its level as determined in plasma was deduced. The data revealed suboptimal regression 
among all patient groups compared to those previously reported (Table 4) [19, 20].  This may 
indicate a lack of adherence within the tested group. The same regression analysis was plotted for 
those who achieved an adequate INR control and those who did not. It was evident that a very poor 
regression was observed within the uncontrolled group as compared to controlled one. Within the 
controlled one, the r value was higher than among both groups (Table 4).This indicates an obvious 
lack of adherence to dose within the uncontrolled group which may contribute to their poor INR 
control.  
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Table 4: Comparison of regression statistics between WRN dose and its level in plasma 
among uncontrolled and controlled group 

Regression Statistics Within both groups Uncontrolled group Controlled group 
Multiple R 0.719 0.546 0.930 
R Square 0.517 0.298 0.865 
Adjusted R Square 0.501 0.259 0.851 
Standard Error 231.983 271.316 139.917 
Observations 32 20 12 

Assessment	of	impact	of	other	consumed	drugs	on	coagulation		
Prescription analysis was performed. Prescriptions given to patients included statins, betablockers, 
aspirin, clopidogrel, NSAIDs, diuretics, and antibiotics. Chi square test was performed to detect 
the significance of each drug on achieving the optimum INR. The results showed that there is a 
significant difference in the number and the percentage of patients taking aspirin between both 
groups. This could signify that aspirin could have a positive effect on achieving an optimum INR 
level where the percentage of aspirin consumption was higher in the group that achieved the 
optimum coagulation (Table 5). DDI was spotted among prescribed medications in 56 cases 
(approximately 60%). Of these interactions, 36 (approximately 60 %) were major ones. Aspirin 
came in first place followed by NSAIDs and antibiotics for prescribed drugs causing major 
interactions. Moderate and mild interactions occurred in 23 (24 %) and 6 (6%) cases, respectively. 
It is very important to mention here that in the 56 patients, 26 had their INR in range 2 – 3.5 
(controlled range). This may be attributed to the close and frequent monitoring and subsequent 
dose adjustments. In 30 patients, this INR range was not achieved where a hypo-coagulation was 
observed in 2 patients and hypercoagulation was observed in 28. 

Table 5: Comparing patients within target INR (INR>2-3.5) and those who are not (INR<2 
or>3.5) using Chi-square 

Variables Chi-square P-value

Statins 0.437 0.509 

Betablockers 1.146 0.284 

Aspirin 4.732 0.030 

Clopidogrel 2.757 0.097 

NSAIDs 2.490 0.114 

Diuretics 0.325 0.569 

Antibiotics 0.052 0.830 
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Assessment	of	factors	affecting	WRN	level	in	plasma	
WRN level was measured in plasma sample by LC-MS/MS (Table 6a). The impact of 
concomitantly prescribed drugs on the WRN level was studied by mean of Mann-Whitney test. 
The results showed that the WRN plasma level was significantly different (lower) among those 
consuming aspirin (Table 6b and Figure 1).  

Table 6a: Descriptive statistics of WRN Level of the patients 

Table 6b: Comparing the WRN level among different groups using Mann-Whitney test 
Drugs  Groups Median IQR Mann-

Whitney 
P-value

Statins No 331.63 555.65 813 0.387 

Yes 289.15 363.14 

Betablockers No 323.33 498.81 704 0.651 

Yes 344.00 553.83 

Aspirin No 347.93 500.98 555 0.001 

Yes 180.87 215.89 

Clopidogrel  No 323.33 540.10 117 0.475 

Yes 474.84 

NSAIDs No 331.21 533.64 586 0.142 

Yes 246.00 261.55 

Diuretics No 329.31 513.21 386 0.943 

Yes 284.67 964.56 

Antibiotics No 319.29 531.14 600 0.681 

Yes 350.12 513.40 

Warfarin 
level (ng/mL) 

Min Max Range Median Mode IQR 

31.04 9298.84 9267.8 325.475 31.04 518.7025 
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Figure 1: Mann-Whitney chart showing the warfarin level is lower (green line) for those 
taking Aspirin than those who are not taking (blue line). 

On investigating the correlation between WRN and different patient related variables (such as 
physiological predictors), it was observed that WRN level is positively correlated with albumin 
level. This different correlation between albumin and either INR or WRN level can be explained 
by the high protein binding of WRN to albumin which in turn result into reducing WRN 
metabolism and elimination while maintaining a high percent of it (99%) not capable of exerting 
the function due to binding to albumin [21]. On the other hand, WRN level in plasma was 
significantly negatively correlated with age (r=-0.493) and aspirin intake with correlation 
coefficient (r= - 0.316).  
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Table 6c: Correlation between Warfarin level and other variables 

P time Correlation Coefficient 0.051 

Sig. (2-tailed) =P-value 0.690 

Gender Correlation Coefficient 0.057 

Sig. (2-tailed) 0.565 

Age Correlation Coefficient -0.493

Sig. (2-tailed) 0.000 

INR Correlation Coefficient 0.096 

Sig. (2-tailed) 0.327 

HB Correlation Coefficient -0.173

Sig. (2-tailed) 0.076 

PCV Correlation Coefficient -0.170

Sig. (2-tailed) 0.083 

Albumin Correlation Coefficient 0.356 

Sig. (2-tailed) 0.024 

Statins Correlation Coefficient -0.084

Sig. (2-tailed) 0.390 

Betablockers Correlation Coefficient 0.044 

Sig. (2-tailed) 0.653 

Aspirin Correlation Coefficient -0.316

Sig. (2-tailed) 0.001 

NSAID Correlation Coefficient -0.143

Sig. (2-tailed) 0.143 

Diuretics Correlation Coefficient 0.007 

Sig. (2-tailed) 0.943 

Abs Correlation Coefficient 0.040 

Sig. (2-tailed) 0.683 

Clopidogrel Correlation Coefficient 0.070 

Sig. (2-tailed) 0.478 

Cortisol Correlation Coefficient 0.188 

Sig. (2-tailed) 0.054 

Cortisol Level Correlation Coefficient -0.393

Sig. (2-tailed) 0.383 
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Newer	oral	anticoagulants	and	WRN	
Since the development of new direct oral anticoagulants (DOACs), the anticoagulation therapy 
had revolutionized. These agents include the dabigatran (a thrombin inhibitor), apixaban, 
edoxaban, and rivaroxaban as well as betrixaban (factor Xa inhibitors).  DOACs  have a more 
stable pharmacokinetic profile, a wider therapeutic index and are less liable to drug and food 
interactions.  

Nevertheless, DOACs are among the major drugs to cause severe adverse drug events as a result 
of poor prescription, dispensing or consumption [22]. For instance, retrospective studies revealed 
recurrent thromboembolism and bleeding events associated with inappropriate dosing [23]. Also, 
non-adherence rates to DOACs had reached up to 50% of patients, this is probably attributed to 
the lack of INR monitoring within the DOAC scheme [24-26]. In addition, it is important to 
mention that while DOACs are less prone to pharmacokinetic interactions, they are still liable to 
pharmacodynamics interactions with any drug affecting platelet coagulation (such as NSAIDs) 
[27]. Meanwhile, drugs affecting the P-gp (which is a significant number) may alter their level 
[28]. The effect of patient related variability such as liver and kidney functions are not negligible 
for  DOACs  as well [22]. DOACs are contraindicated in valvular atrial fibrillation, and there is 
no scientific evidence that supports its use in hemodynamically-unstable pulmonary embolism 
[29]. 

Conclusions	
In this study, the impact of different physiological predictors, concurrent medications and the 
patient adherence on the success of WRN therapy and adequacy of its therapeutic drug monitoring 
was assessed. The results revealed a significant difference in the age, albumin, PCV, and 
hemoglobin levels between the group that achieved an optimum INR and those who did not. The 
comparative study revealed that the albumin level has the strongest correlation (negative) to the 
INR among the tested predictors.  

In our study group, DDI was commonly spotted among prescribed medications. In this respect,  
aspirin had a positive impact on coagulation control. Additionally, inadvertent DDI or missed 
prescribed drugs was spotted in 5% of the patients. The WRN level was used as an indicator of 
patient adherence to dose where its level was better correlated to the consumed dose in controlled 
versus uncontrolled group, indicating the profound effect of patient adherence on successful 
therapy.  

In conclusion,  rational use of WRN can be strengthened by considering patient physiological 
factors (specifically the albumin level) which may be a critical predictor of WRN dosing and 
successful treatment outcomes.  
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On the other hand, integrated TDM of WRN by monitoring the WRN level in plasma along with 
possibly interacting drugs will contribute to assessment of patient adherence (Figure 2). These 
results are highly significant, especially to patients where the use of DAOC is not applicable  

Figure 2: A proposed setup for monitoring WRN therapy in patients under maintenance 
dose 
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Abstract
Therapeutic drug monitoring (TDM) of anti‐epileptic drugs (AED) is a routine application.

Carbamazepine (CRB) is monitored as the parent drug while oxcarbazepine (OXC) and

eslicarbazepine acetate (ESL) are monitored as their active metabolite (eslicarbazepine; MHD).

We have developed a UPLC‐MS/MS method for determining CRB, OXC, ESL and MHD in plasma

or serum with a simplified extraction protocol. The developed method detects sildenafil (SLD),

which clinically interferes with AED and is likely to be co‐administered in epileptic patients suffer-

ing from sexual insufficiency (60%). MHD was prepared in‐house. AED were simultaneously

determined in presence of SLD using gatifloxacin as an internal standard (IS). Separation was

achieved using acetonitrile, methanol and 100mM ammonium acetate in water (32:3:65, v/v/v)

on an Intersil®RP‐HPLC column (250 × 4.6mm, 5 μm). A one‐step extraction was performed by

simultaneous protein and phospholipids precipitation. Detection was done by tandem mass

spectrometry. No relative matrix effect was observed. The method was linear (0.5–40 μg/mL

for CRB, ESL and MHD and 0.05–4 μg/mL for OXC), accurate and selective. Recoveries were

64.41 ± 5.07, 45.62 ± 1.73, 61.41 ± 4.77 and 60.33 ± 1.36 for CRB, OXC, ESL and MHD,

respectively. The method was successfully applied for TDM of AED.

KEYWORDS

dose adjustment, drug–drug interaction, eslicarbazepine, oxcarbazepine, removal of phospholipids,

anti epileptic drus

1 | INTRODUCTION

Epilepsy is the fourth common neurological disorder affecting

people of all ages. It is characterized by unpredicted and recurrent

seizures and may cause other health problems (Fisher et al., 2005;

WHO, May 2010).

Carbamazepine (5H–dibenzo[b,f]azepine‐5‐carboxamide; CRB),

oxcarbazepine (10,11‐dihydro‐10‐oxo‐5H‐dibenz[b,f]azepine‐5‐

carboxamide; OXC) and eslicarbazepine acetate [(S)‐10‐acetoxy‐10,11‐

dihydro‐5H‐dibenz[b,f]azepine‐5‐carboxamide; ESL] are anti‐epileptic

drugs (AED). They block voltage‐gated sodium channels, leading to sta-

bilization of hyper‐excited neural membranes and inhibition of repeti-

tive neuronal discharge, thus reducing propagation of synaptic

impulses (May, Korn‐Merker, & Rambeck, 2003).

Therapeutic drug monitoring (TDM) of AED is recommended by

the International League Against Epilepsy to achieve adequate therapy.

This is especially true since AED are highly prone to drug–drug interac-

tions and are sensitive to cytochrome P450 inhibitors and inducers

(Johannessen & Landmark, 2010). CRB is monitored as the concentra-

tion of the parent drug in plasma and serum while OXC and ESL are

monitored as their mono‐hydroxy active metabolite (eslicarbazepine;

MHD) rather than the drug itself (Figures 1 and 2; Almeida et al.,

2008; Eadie, 1998; Louis, 2009; May et al., 2003; Patsalos et al., 2008).

Sildenafil citrate (SLD) may occur inadvertently in plasma of epileptic

patients owing to their sexual insufficiency (60%) or intentionally for

treatment of serious cases such as pulmonary hypertension (Boora,

Chiappone, & Dubovsky, 2009; Hellmis, 2008; Smaldone, Sukkarieh,

Reda, & Khan, 2004). SLD affects plasma levels and clinical manifestation

of AED therapy in many ways. It has a pro‐convulsant activity and may

increase seizure susceptibility (Riazi et al., 2006); it was reported to cause

colonic seizures (Gilad, Lampl, Eshel, & Sadeh, 2002) and to alter the anti-

convulsant activity of some AEDs (Bahremand et al., 2010; Gholipour

Abbreviations used: AED, anti‐epileptic drugs; CRB, carbamazepine; ESL,

eslicarbazepine acetate; GAT, gatifloxacin; MHD, eslicarbazepine; OXC,

oxcarbazepine; PL, plasma phospholipid; SLD, sildenafil; TDM, therapeutic drug

monitoring.
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et al., 2009; Nieoczym, Socała, Łuszczki, Czuczwar, & Wlaź, 2012). SLD

and OXC affect the metabolism of each other interchangeably (Drugs.

com, http://www.drugs.com/monograph/eslicarbazepine‐acetate.html,

accessed 16 March 2016; RX list, http://www.rxlist.com/drug‐interac-

tions/oxcarbazepine‐oral‐and‐sildenafil‐oral‐interaction.htm, accessed

14 January 2017). SLD may be obtained without prescription in some

developing countries and through online pharmacies in many places in

the world, and was also reported as an adulterant in male enhancing

herbal products (DrED.com, https://www.dred.com/uk/sildenafil‐

tablets.html). In all the above cases of noncompliance SLD–AED interac-

tion may occur without awareness of the physician. For the above rea-

sons and since other interacting drug are only available by prescription,

SLDwas selected to be simultaneously detected duringmonitoring AED.

Several chromatographic methods have been reported for the

determination of CRB and either OXC or ESL with MHD (Alves et al.,

2007; Hartley, Green, Lucock, Ryan, & Forsythe, 1991; Kłys, Rojek, &

Bolechała, 2005; Kumps, 1984; Leverta, Odoub, & Robert, 2002;

Mandrioli, Ghedini, Albani, Kenndler, & Raggi, 2003). Among the

reported methods is an HPLC‐UV method described by Fortuna,

Sousa, Alves, Falcão, and Soares‐da‐Silva (2010). The method was effi-

cient for the determination of CRB, OXC, ESL, and MHD; however, it

suffered from a selectivity problem. Generally, HPLC‐UV is not the

method of choice for TDM especially for out‐patients where unknown

medical agents/small molecules might analytically interfere with the

studied drug. To resolve this limitation, the retention times of some

drugs which may be co‐administered with AED have to be investigated

(Fortuna et al., 2010). This limitation makes the method inapplicable in

clinical/hospital laboratories where simultaneous checks of all other

drugs which may be co‐administered must be done and chromato-

graphic elution changed accordingly with each measurement.

LC–MS/MS was previously reported for the simultaneous determina-

tion of AED for toxicological purpose. The method showed good

sensitivity for its intended toxicological application; however, it did

not investigate relative matrix effect, which makes its application for

TDM not possible (Deep, McKeown, & Torrance, 2014). Recently

studies were published analyzing OXC and MHD together with other

AED (lamotrigine, topiramate and levetiracetam) using LC–MS/MS

for TDM. The first study was reported by Carlow, Shi, and Schofield

(2016). The second study was reported by Julien Dupouey, Doudka,

Belo, Blin, and Guilhaumou (2016). Both studies were efficient for

the determination of the AED. They used simple extraction

procedures. The first method used ZnSO4 and methanol for protein

precipitation while the second used methanol only. Despite their

simple application, however, the relative matrix effect was not

investigated in both methods. The described procedures were only

validated in either plasma or serum samples. CRB as well as ESL were

FIGURE 1 Chemical structures of carbamazepine (CRB), oxcarbazepine (OXC), eslicarbazepine acetate (ESL), eslicarbazepine (MHD) and
sildenafil (SLD)

FIGURE 2 Metabolism of OXC, ESL and MHD. Figure reproduced
from Elger et al. (2013) with permission
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not determined. SLD was not detected in the assay and the method for

MHD preparation was not described.

LC–MS/MS is the state of the art technology for TDM. Plasma

phospholipids (PLs) represent a major source of matrix effect in

LC–MS/MS analysis. PLs may enhance or suppress the ionization of

the analytes resulting in altered analytical response. This may appear

as a relative matrix effect between individual plasma or serum batches

or those obtained from different individuals. To overcome this, differ-

ent approaches are applied. Among these approaches is the chromato-

graphic approach where the analyte elutes away from PL; however this

approach is not easy to achieve owing to presence of different types of

PL which may elute at many regions on the chromatogram. Another

approach is proper sample preparation and cleaning either by liquid–

liquid extraction (LLE) or solid‐phase extraction (SPE) (Chambers,

Wagrowski‐Diehl, Lu, & Mazzeo, 2007; Gładkowski, Chojnacka,

Kiełbowicz, Trziszka, & Wawrzenćzyk, 2012; Hall et al., 2012; Ismaiel,

Zhang, Jenkins, & Karnes, 2010; Xia & Jemal, 2009). Acetone is capable

of precipitating PLs from plasma and serum (Gładkowski et al., 2012).

This property was investigated in the current study for easy one‐step

removal of PL and proteins depending on the good solubility of the

studied AED in acetone.

To the best of our knowledge, literature review did not offer a

single method for the simultaneous determination of our AED (CRB,

OXC, ESL and MHD) with a one‐step extraction procedure for easier

routine TDM application. The in‐house preparation of MHD was not

previously reported. The simultaneous detection of the inadvertent

SLD in out‐patient plasma or serum was not reported. The aim of this

study is the development and optimization of a TDM method for

routine analysis of AED that gives insight into patient use of SLD with

simplified extraction techniques. The study was approved by the

Institutional Review Board of Ahram Canadian University.

2 | EXPERIMENTAL

2.1 | Materials and reagents

Pharmaceutical grade CRB, OXC, ESL, SLD and gatifloxacin (GAT)

(>99.97%) were obtained from the National Organization of Drug

Quality Control and Research (Giza, Egypt). MHD was laboratory pre-

pared and tested as will be described later. Acetonitrile, methanol,

formic acid and acetone were obtained from Sigma Aldrich (St Louis,

MO, USA). Ammonium acetate was obtained from Fisher Scientific

(Fair Lawn, NJ, USA). Unspiked drug‐free human plasma was obtained

from Egyptian Company for Biological Products and Vaccines

(VACSERA; Giza, Egypt). De‐ionized water was used throughout the

experiment and produced in house from a Millipore Milli‐Q System

(Millipore, Billerica, MA, USA).

2.2 | Instrumentation

An Acquity UPLC–MS/MS system equipped with an Acquity UPLC

BEH® C18 column (50 × 2.1mm, 1.7 μm), an Intersil® ODS column

(250 × 4.6mm, 5 μm), an electrospray ionization (ESI) and a triple

quadruple tandem MS/MS detector (TQD) system was used for the

assay (Waters Corp., Milford, MA, USA). The system included a

vacuum degasser, a quaternary pump, a thermostated auto‐sampler

and column oven compartment. Waters MassLynx 4.2 software was

used for controlling the instrument and data acquisition. An Eppendorf

(Hamburg, Germany) micro‐centrifuge with maximum speed of

14500 rpm was used.

2.3 | MS/MS conditions

Tuning solutions (100 ng/mL) of CRB, OXC, ESL, MHD, SLD and

GAT were separately infused into the MS detector at a flow rate of

5 μL/s. Positive‐ion ESI was used. Conditions were optimized regard-

ing capillary, cone and collision voltages. Cone gas flow was adjusted

as 50 L/h. Desolvation gas flow was 900 L/h. Collision gas flow was

set as 0.1mL/min and source temperature was 120°C to get the best

sensitivity of the ions (Figure 3, Table 1).

The cone and collision energies were optimized to obtain the

highest sensitivity of precursor [M+H]+ and fragment ions for each

drug (Figure 3). Detected fragments were used to generate selected‐

reaction monitoring (SRM) transitions (precursor ion > fragment ion).

Each drug (100 ng/mL) was separately injected into the UPLC and

the chromatogram was monitored at the established SRM transitions

for all drugs to detect spectral interference. Initially, several other

SRM transitions were applied, but these were removed because of

interferences. The SRM transition that show best sensitivity for each

drug was selected as the quantifying ion. The second‐best SRM transi-

tion in terms of sensitivity was selected as the qualifying ion (Table 1).

2.4 | Chromatographic separation

Several elution solvents and columns were tried. Best elution and

separation was achieved using isocratic elution using a mixture of ace-

tonitrile–methanol and 100mM ammonium acetate (32:3:65, v/v/v) at

a flow rate of 1 mL/min on Intersil® column (250 × 4.6mm, 5 μm).

Injection volume was 50 μL. Column temperature was kept at room

temperature (Figure 4).

2.5 | Preparation of MHD

ESL (233.1mg) was dissolved in a mixture of 2M methanolic sodium

hydroxide and methylene chloride (1:9). The reaction mixture was

stirred for 60min at room temperature to induce hydrolysis of ester

(ESL) in nonaqueous conditions (Theodorou, Skobridis, Tzakosb, &

Ragoussis, 2007). Hydrolysis was followed by injecting the reaction

mixture into MS at different time intervals until complete disappear-

ance of ESL peak (m/z 297.3) in ESI scan mode and absolute appear-

ance of MHD peak at m/z 255.2 (hydrolysis product; Figure 1). To

precipitate the MHD, 40mL of water were added, mixed well and

the residue (MHD) was filtered. MHD was collected and dried in air

at room temperature. The NMR analysis was performed for the ESL

and the hydrolysis product MHD to ensure completion of the reaction.

2.6 | Preparation of stock and working solutions and
plasma/serum samples

Stock solutions of 1 mg/mL of CRB, OXC, ESL and MHD were

prepared in acetone. Five‐fold dilutions of CRB, MHD, and ESL and
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TABLE 1 Conditions for the selected reaction monitoring transitions applied in quantification for CRB, OXC, MHD, ESL and SLD. Capillary voltage
was 3 kV. Dwell time for each transition was 28ms

Compound Precursor m/z Cone voltage Quantifier ion m/z Cone energy (eV) Qualifier ion m/z Collision energy (eV)

CRB 237.2 30 194.15 30 237.24 20

OXC 253.2 30 208.14 30 236.16 20

MHD 255.2 15 194.15 15 237.35 20

ESL 297.3 30 194.09 30 237.23 20

SLD 475.3 30 57.95 25 100.09 45

CRB, Carbamazepine; ESL, eslicarbazepine acetate; MHD, eslicarbazepine; OXC, oxcarbazepine; SLD, sildenafil.

FIGURE 4 Chromatogram of drugs extracted from plasma.GAT eluted at 3.74min; MHD eluted at 4.99min; OXC eluted at 8.22min; SLD eluted at
9.4min; ELS eluted at 10.94; and CRB eluted at 12.45min

FIGURE 3 MS/MS scan of CRB, OXC, ESL, MHD and SLD
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50‐fold dilution of OXC were prepared as working solutions for spiking

in samples. Stock solutions of SLD and GAT (100 μg/mL) were pre-

pared in water and 0.5% acetic acid in water, respectively.

2.7 | Plasma and serum spiking and sample
preparation

Samples were extracted by protein precipitation using the organic sol-

vent method. To 200 μL of spiked plasma and serum samples, 1200 μL

of acetone was added. Samples were allowed to rest for 10min and

then sonicated for 5min to help release of drugs bound/adsorbed on

the precipitated protein. Proteins were separated from each sample

by centrifugation at 15,000 rpm for 5min. To 500 μL of the superna-

tant, 1500 μL of water was added and then filtered through a

0.45 μm syringe filter into an autosampler vial.

2.8 | Method Validation

The developed method was validated in terms of linearity, range,

accuracy, precision, recovery, selectivity, stability and matrix effect

according to International Conference of Harmonization guidelines.

Validation of the assay was performed on calibration standards and

quality control (QC) samples prepared by fortifying human plasma or

serum obtained from 10 different batches.

2.8.1 | Linearity and range

Linearity of the method was investigated by analysis in matrix‐based

calibration standards (both plasma and serum). Drug‐free human

plasma and serum were spiked by the working solution to prepare

concentration range of 0.1–40 μg/mL for CRB, ESL and MHD and

0.01–4 μg/mL for OXC. SLD and GAT (internal standard; IS) were

spiked at 0.5 μg/mL in each sample followed by vortexing.

Samples were extracted as described earlier. The prepared

samples were injected onto the LC–MS/MS system for analysis. The

ratios between the peak area of analytes and IS were calculated and

used to plot a matrix‐based calibration curve. Equations of calibration

curve were computed.

Other validation parameters were performed by four‐level QC

samples. Six sets of four‐level QC samples of known concentrations

were prepared each from a different volunteer. For CRB, ESL and

MHD, QC samples were 0.5, 1.5, 20 and 35 μg/mL while for OXC,

QC samples were 0.05, 0.15, 2 and 3.5 μg/mL.

2.8.2 | Accuracy

QC samples were extracted as described earlier and analyzed. The

calibration equation of each drug in each specific matrix was used to

calculate the concentration of the QC sample and compared with

nominal concentration.

2.8.3 | Precision

Precision was tested by comparing the analytical response of QC

sample for each drug and the IS inter‐ and intra‐day (n = 6). Precision

data were reported as CV (%).

2.8.4 | Recovery

Extraction recovery of the drugs using the described method was

tested by comparing the analytical responses of samples prepared by

pre‐ and post‐extraction spiking at the three QC levels (QCL, QC

low; QCM, QC medium; and QCH, QC high). The extraction recovery

was the average analytical response of pre‐extraction spiking

samples/average analytical response of post‐extraction spiking

samples × 100.

2.8.5 | Relative matrix effect

Different sources of plasma (n = 2) and serum (n = 5) were used. A five‐

level calibration curve was prepared from each source. The slopes of

the curves from all sources were compared. Comparison was per-

formed among plasma and serum samples separately (i.e the compari-

son was not done between plasma and serum). The peak areas for all

drugs were also compared in the plasma and serum sources at the five

concentration levels (Matuszewski, 2006).

2.8.6 | Stability

Stability was tested in four sample sets: set 1, samples left on bench at

room temperature for 1 day (bench‐top stability); set 2, samples proc-

essed and stored in autosampler for 1 day; set 3, samples subjected

to three freeze–thaw cycles; and set 4, samples stored at −70°C for

145 days. All sets were compared with freshly prepared samples.

2.8.7 | Selectivity

The selectivity was tested by analyzing six different batches of blank

human plasma and screening for interferences (peak) at the selected

SRM transitions for each drug.

2.9 | Method application

The analytical method was applied to the TDM of AED in a renal

patient suffering from epilepsy. The patient was recently prescribed

OXC (75mg twice a day) and was under phenytoin treatment

(100mg; three times daily). Other co‐prescribed drugs were CaCO3,

vitamin B complex, alfacalcidol and rabeprazole and amlodipine.

Aliquots of 200 μLwere subsided from the leftover serum samplewhich

was collected for routineTDM according to the best practice guidelines

for AED monitoring (Flesch, Czendlik, Renard, & Lloyd, 2011;

Patsalos et al., 2008; Drugs.com, http://www.drugs.com/monograph/

eslicarbazepine‐acetate.html). Samples was collected from the patient

at 3 days after the initiation of therapy and prior to the next dose. The

sample was extracted as described earlier and analyzed for MHD.

3 | RESULTS AND DISCUSSION

3.1 | Preparation of MHD

OXC and ESL are monitored as their active metabolite (MHD). MHD

was prepared by a very mild and rapid (60min) hydrolysis procedure.

Ester hydrolysis was confirmed usingmass spectrometry which showed

molecular ion with m/z 255.2, corresponding to the expected [M+H]+

for MHD (Supporting Information 1). In additions, the NMR spectrum
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ensured hydrolysis as the singlet for methyl group of acetate at

2.06 ppm disappeared with the appearance of an additional exchange-

able proton corresponding to the new OH (Supporting Information 2).

3.2 | Method development for simultaneous
determination of CRB, OXC, ESL, and MHD

A sensitive and fast analytical method was developed for the simulta-

neous determination of CRB, OXC, ESL and MHD in presence of

SLD using GAT as an IS. The structures of the target analytes were

highly similar with small difference at carbon 10. This came with a risk

of spectral interference. To overcome this, a strict chromatographic

separation was required to ensure adequate quantification. This also

had a major impact on the selection of the IS. The use of a co‐eluting

isotopic compound will show spectral interference. An isotopically‐

labeled IS may also be considered expensive and unavailable in many

developing countries. GAT as a single IS for the whole run was chosen.

GAT showed similar extraction behavior and elutes separately in the

chromatographic run. Neither spectral nor chromatographic interfer-

ence is expected from GAT.

Two chromatographic columns were tested and compared in the

method development stage: a BEH C18 UPLC column (50 × 2.1mm,

1.7 μm) and an Intresil® ODS column (250 × 4.6mm, 5 μm). On the

BEH column, a mobile phase composed of acetonitrile, methanol and

0.5% formic acid in water (5:40:55, v/v/v; i.e 45% organic, 55%

aqueous) resulted in a very fast separation of analytes which was not

desirable. CRB, OXC, ESL and MHD eluted at 1.06, 1.32, 0.57 and

0.5, respectively.

A change in the composition of the mobile phase (3: 30: 67, v/v/v;

i.e. 33% organic and 67% aqueous) resulted in a delay in retention

times which would make the chromatographic elution very long.

CRB, OXC, ESL, MHD and SLD eluted at 8.2, 4.8, 7.8, 2.3, and

13min, respectively.

The proportion of 35% organic phase to 65% aqueous phase was

the most suitable for separation and elution. The selected mobile

phase was a mixture of acetonitrile, methanol and 0.5% formic

acid in water (3:32:65, v/v/v) at a flow rate was 0.4mL/min

(Supporting Information 3).

The organic phase (35% of the mobile phase) was composed of

methanol (32% of the mobile phase) and acetonitrile (3% of the mobile

phase). Methanol has a weaker elution power than acetonitrile and is

more polar. A higher proportion of methanol as the organic modifier will

allowmore separation of the analytes. Additives to aqueous phasewere

restricted to 0.5% formic acid. The formic acid is used only for ionization

enhancement. Total runtime was 15min. The total volume of the chro-

matographic column was 400 μL (Alves et al., 2007). Accordingly mini-

mization of the injection volume was necessary to achieve proper

separation. One, 5 and 10 μL injection volumes were tried and the best

performance was achieved using 5 μL injection volume. A 1 μL injection

volume showed very poor sensitivity at the LLOQ level while 5 μL

showed adequate sensitivity. A 10 μL injection volume showed good

sensitivity; however, since 5 μL had adequate sensitivity, 10 μL was

not used because a smaller injection volume resulted in a smaller

amount of sample entering the detector and thus a lower probability

of ion suppression or enhancement, which may result from

contamination by biological substances (e.g.PL) in the matrix (Acquity

UPLC BEH columns. Care and Use Manual).

The second column tried was the Intersil® ODS column, On using

the same elution mixture developed on the BEH column the SLD and

CRB eluted at exactly the same time. To resolve these peaks the

aqueous component of the mixture (0.5% formic acid in water) was

substituted by 100mM ammonium acetate. This provided a better

resolution of the SLD and CRB peaks; however, SLD eluted at around

16min. This made the chromatographic run very long. The composi-

tion of the organic component of the mixture was reversed to 32%

acetonitrile and 3% methanol. This increased the speed of the elution

of all compounds while retaining their chromatographic separation.

By applying this method the runtime was 15min.

The strong needle wash was composed of 50% acetonitrile, 20%

methanol, 10% isopropyl alcohol and 20% water. The week needle

wash was composed of 90% water and 10% methanol.

No carryover was observed in either columns. This was assured by

injecting the highest concentration of each drug followed by a blank

sample. The blank samples were free of any peaks.

There was no significant difference in the runtime on the two

columns using the above‐described methods. Therefore, the Intersil®

column was selected owing to its lower price, which makes it more

suitable for developing economies. Owing to the change in column

volume, the injection volume was increased to 50 μL.

Detection was performed by MS/MS in SRM mode. Initially, 16

SRM transitions were selected with a dwell time of 0.020 s. Spectral

interference existed between MHD and OXC at MS/MS channels 4,

6, 7 (Supporting Information 4). Weak sensitivity was obtained for

MHD at MS/MS channel 10 (Supporting Information 4). MS/MS

channels 4, 6, 7 and 10 were filtered out of the MS method. After

removing the four SRM transitions that showed interferences, the

dwell time was extended to 0.022 s (Table 1).

3.3 | Plasma or serum sample extraction and
recovery

Sample preparation for MS/MS detection implies cleaning from PLs

that may result in ionization suppression or enhancement, which leads

to erroneous results. SPE and LLE are the methods of choice for cou-

pling with LC–MS/MS. SPE is relatively expensive for application in

medium and low economies. LLE is a more cost‐effective alternative.

However, it requires a multi‐step procedure and is thus liable to error

and requires skilled operators. Protein precipitation is the easiest and

the most straightforward method for sample preparation. However, it

is less favorable for LC–MS/MS because it has the least capability to

clean samples from PLs relative to the aforementioned methods. How-

ever, acetone has been reported to be capable of precipitating PL

(Gładkowski et al., 2012). This property was investigated in the assay.

Success of the acetone application was measured by monitoring the

absence of relative matrix effects which may occur between samples

obtained from different individuals as well as the absence of PLs in

the eluent (Chambers et al., 2007; Gładkowski et al., 2012; Hall et al.,

2012; Ismaiel et al., 2010; Xia et al., 2009).

The described procedure uses 200 μL of plasma and serum, which

complies with the guidelines for AED monitoring (Flesch et al., 2011).
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Plasma and serum were diluted with 1:6 volumes with acetone.

Acetone precipitated both protein and PL. Extraction proceeded as

described in the Experimental section. The acetone centrifugate was

diluted 1:3 with water prior to injection into the system to fit with

the RP‐HPLC conditions.

3.3.1 | Relative matrix effect

The analysiswas performed in plasma and serum sets obtained fromdif-

ferent healthy individuals (n = 5 for serumand n = 2 for plasma). Thiswas

to ensure the applicability of the method on any individual with minimal

matrix effect. The relative matrix effect was tested by comparing the

calibration curve slopemade fromplasma and serum fromdifferent indi-

viduals (comparison was done among plasma samples and serum sam-

ples separately). The CV for all slopes did not exceed 3% for all drugs.

The effluent was monitored for presence of PL peaks using the PL‐

specific SRM transition provided in Supporting Information 5 and com-

pared with LLE (Supporting Information 6). PL peaks were not detected

in either acetone or LLE method and accordingly the easier acetone

method was applied.

The method can be used with either plasma or serum samples. No

special sample needs to be withdrawn from the patient. A small aliquot

(200 μL) can be retained from a specimen collected from the patient

for any other clinical test, noting that the International League Against

Epilepsy approve the TDM of AEDs in both plasma and serum (Flesch

et al., 2011; Patsalos et al., 2008; Drugs.com).

3.4 | Method validation

3.4.1 | Recovery

The recovery of the extraction method was tested by comparison of

analytical response (peak area) of QC samples spiked pre‐ and post‐

extraction. Recovery in serum was 64.41 ± 5.07, 45.62 ± 1.73,

61.41 ± 4.77 and 60.33 ± 1.36 for CRB, OXC, ESL and MHD (Table 2).

Similar recoveries were obtained in plasma.

3.4.2 | Linearity and range

Matrix‐based calibration curves were developed for CRB, OXC, ESL

and MHD by plotting peak area ratios against concentrations. The

linearity ranges were 0.5–40 μg/mL for CRB, ESL and MHD and

0.05–4 μg/mL for OXC. The value of R2 was >0.999 in all curves.

Concentration of SLD was kept constant (0.5 μg/mL).

3.4.3 | Accuracy and precision

The method was accurate and precise for the determination of CRB,

OXC, ESL and MHD in serum with average accuracies of

95.61 ± 3.28, 98.61 ± 5.73, 101.23 ± 2.22 and 95.00 ± 7.03, respec-

tively. Similar accuracy results were obtained in plasma. Maximum

CV for inter and intraday precision was 8.65% (Table 2).

3.4.4 | System carryover

The chromatogram of the blank sample analyzed after the injection of

sample of the highest concentration on the calibration curve was free

of the five peaks. These results indicate that the system is efficient to

totally elute the analytes at each run with no traces for subsequent

analysis.

3.4.5 | Selectivity

Control plasma and serum samples from six different batches did not

show any peak interfering with the tested analytes (Figure 4).

3.4.6 | Stability

Samples were stable on the bench‐top and in the autosampler for at

least 24 h. Samples were stable for at least 145 days at −70°C

(long‐term stability) and for three freeze–thaw cycles.

TABLE 2 Accuracy and precision

QC sample (μg/mL) Recovery (%) Accuracy (%)
Inter‐day precision

(CV, %)
Intraday precision

(CV, %)
Precision in different

individual (n = 6)

ESL 0.5 61.23 101.23 5.43 2.34 4.44
1.5 60.56 103.45 1.35 1.22 2.02

20 65.43 108,34 3.45 3.9 1.32
35 58.43 99.02 8.65 6 5.43

Average 61.41 101.23
CV% 4.77 2.22

OXC 0.05 44.54 103.98 2.32 4.67 2.87
0.15 45.65 101.5 1.23 1.02 5.43
2 46.43 90.98 1.09 2.34 6.32
3.5 45.84 97.98 3.43 2.87 2.11

Average 45.62 98.61
CV% 1.73 5.73

MHD 0.5 61.32 88.23 4.32 4.23 2.21
3 59.32 90.32 6.43 1.23 1.09

20 60.23 101.23 2.32 2.3 2.06
35 60.43 100.23 1.23 1.99 4.59

Average 60.33 95.00
CV% 1.36 7.03

CRB 0.5 65.45 90.43 4.99 2.29 2.34
3 63.43 93.24 2.38 5.43 1.36

20 68.34 98.32 1.24 4.53 3.22
35 60.43 100.43 3.44 1.23 1.34

Average 64.41 95.61
CV% 5.07 3.283
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3.4.7 | Clinical application

TDM of OXC was measured by monitoring MHD in serum. Measure-

ment in patient serum indicated that the level of MHD was

14.85 μg/mL, which is in the therapeutic drug range.

4 | CONCLUSIONS

A UPLC‐MS/MS method was developed for the simultaneous determi-

nation of CRB, OXC, ESL and the active metabolite of OXC and ESL

(MHD) in human plasma and serum. The described assay can detect

the presence of SLD in patient plasma. It gives an insight into patient

compliance with dosing regimens as well as possible SLD interference.

The method has the advantage of easier sample preparation over

previously published methods while maintaining the same efficiency

and being free of relative matrix effect. The paper also describes a

facile procedure for MHD preparation. This makes the MHD standard

easily available for many clinical laboratories in poor economies. The

reported method is fast, easy to apply and valid for the determination

of AED in human plasma and serum. It can be routinely applied for

TDM of AED in hospital and clinical laboratories with minimal sample

preparation steps.
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Supplementary material 3 

Chromatogram of drugs extracted from plasma. MHD elutes at 1.84, OXC elutes at 2.8, 
ESL elutes at 5, CRB elutes at 5.5 while SLD elutes at 7.6 min. Separation was 
performed on an BEH-C18 (50*2.1mm, 1.7μm) column using a mobile phase of 
acetonitrile: methanol and 0.5%formic acid in water (3:32:65, v/v/v) at a flow rate of0.4 
mL/min. Injection volumes was 5 μL. Column temperaturewas kept at room temperature  
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Supplementary materials4.  Tuning condition of CRB, OXC, MHD, ESL,  SLD and GAT 
Drug MS/MS 

channel # 
Parent ion Daughter Dwell 

time (s) 
Cone (V) Collision 

(V) 
CRB** 1 237.24 194.15 0.022 30 20 
CRB* 2 237.24 237.24 0.022 30 20 
OXC** 3 253.24 208.14 0.022 30 20 
OXC 4 253.24 210.20 *** 30 20 
OXC* 5 253.24 236.16 0.022 30 20 
OXC 6 253.24 180.29 *** 30 20 
OXC 7 254.24 182.29 *** 30 20 
MHD** 8 255.24 194.15 0.022 15 20 
MHD* 9 255.24 237.35 0.022 15 20 
MHD 10 255.24 139.29 *** 15  20 
ESL** 11 297.28 194.09 0.022 30 20 
ESL* 12 297.28 237.23 0.022 30 20 
SLD* 13 475.19 100.09 0.022 25 45 
SLD** 14 475.33 57.95 0.022 30 45 
GAT** 15 376.37 261 0.022 20 40 
GAT* 16 376.37 358 0.022 20 20 

**Quantifying ion; * Qualifying ion; ***Dwell time of analytes when using 14 channel MS/MS method was 0.020 s; Capillary 

voltage was 3 KV. 
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Supplementary material 5.  SRM transitions for monitoring PL in plasma and serum 
Positive ionization transitions negative ionization transitions 

PL species 
Precursor 
ion 

Produc
t ion 

PL species 
Precursor 
ion 

Product 
ion 

Lysophosphatidylethanolamin
e (C16:0) 

454.3 313.3 
Lysophosphatidic acid Na 
(C16:0) 

409.2 153.1 

Lysophosphatidylcholine 
(C16:0) 

496.1 184.1 
Lysophosphatidylglycerol 
(C18:0) 

511.3 153.1 

Lysophosphadedylglycerol 
(C16:0/C18:2) 

513.2 341.2 
Lysophosphatedylserine 
(C18:1) 

522.3 153.1 

Lysophosphatidylserine 
(C18:1) 

524.3 339.3 
Phosphatidic acid Na 
(C16:0/C18:2) 

671.4 153.1 

Lysophosphatidylcholine 
(C18:0) 

524.4 184.1 
Phosphatidylglycerol 
(C16:0/C18:2) 

745.5 153.1 

Spingomyelin (C18:1/C18:0) 731.6 184.1 
Phosphadedylserine 
(C18:0/C22:6) 

834.4 153.1 

Phosphatidylglycerol 
(C16:0/C18:2) 

747.5 575.5 
Phosphadedylinsitol 
(C18:1/C18:1) 

861.3 153.1 

Phosphatidylcholine 
(C16:0/C18:2) 

758.5 184.1 
Phosphadedylinsitol 
(C18:1/C18:1) 

861.6 241.2 

Phosphatidylcholine, 
(C16:0/C18:1) 

760.5 184.1 Phosphatidic acid Na  (C16:0) 409.2 153.1 

Phosohatidylethanolamine 
(C18:0/C20:4) 

768.6 627.5 
Lysophosphatidylglycerol 
(C18:0) 

511.3 153.1 

Plasmalogephosphatidylcholin
e (C19(plasm)/C18:1) 

772.6 184.1 

Phosphatedylserine 
(C18:0/C22:6) 

836.6 651.5 

Experiment description: 
- Blank plasma and serum prepared by using cold acetone precipitation were

injected (50 μL) into the LC-MS/MS.
- Isocratic elution was performed using a mixture of acetonitrile, methanol, 0.5%

formic acid in water (3:32:65, v/v/v) at a flow rate was 0.4 mL/min. Total run
time was 12 min.

- Chromatogram were monitored for appearance of peak

Reference: Xia Y. and Jemal M. ; Phospholipids in liquid chromatography/mass 
spectrometry bioanalysis: comparison of three tandem mass spectrometric techniques for 
monitoring plasma phospholipids, the effect of mobile phase composition on 
phospholipids elution and the association of phospholipids with matrix effects; Rapid 
Commun. Mass Spectrom., (2009); 23: 2125–2138.  
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Supplementary material 6 

- Procedures of Liquid liquid extraction (LLE) method for comparing with
acetone precipitation method

To plasma or serum samples (200μL) add 10 μL formic acid followed by addition of 
1000 μL of the extraction solvent composed of ice cold mixture of ethyl acetate and 
diethyl ether (50:50, v/v). The tube was then vortexed for 3 min and centrifuged at 
15000rpm. The upper organic layer was carefully withdrawn. The procedures were 
repeated in triplicate. The collected organic layer was then combined and evaporated. The 
residue was reconstituted in acetone and water (1:2, v/v).  
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Chapter 5 

A	UPLC‐MS/MS	screening	method	 for	detection	of	drugs	 that	may	
interact	with	emergency	department	medications	

Abstract	
Introduction: Irrational use of drugs represents a public health concern, especially in rural 
areas. Such use may result into inadvertent drug-drug interactions (DDI) and serious 
adverse drug events (ADE). DDI can be problematic especially if it happens with 
medications given at an emergency department (MED). A clear knowledge on previously 
consumed drugs is indispensable prior to emergency drug administration. Furthermore, 
such knowledge may improve the clinical management for patients admitted with ADE. 
Analytical chemistry can provide an additional evidence-based insight on presence of such 
drugs in patient plasma prior to any clinical/pharmacological action.  

Aim: The aim of this study is to develop an analytical method for the determination of 
drugs which are likely to interact with MED or interact inadvertently with each other 
causing ADE.  

Method: An UPLC-MS/MS method was developed and validated for drugs with poor 
dispensing control in the Egyptian market and meet the aforementioned criteria. After a 
simple protein precipitation method for sample preparation, the analysis was performed on 
an Acquity-BEH C18 column (50 mm × 2.1 mm i.d., 1.7 µm) using gradient elution and 
detection by MS/MS.  

Result: A validated screening assay was developed for the screening of drugs having a 
possibility to interact with MED (sildenafil citrate, erythromycin succinate, itraconazole 
and ketoconazole) and those inadvertently affecting the cardiovascular system (CVS). The 
developed screening assay was capable of detecting those drugs far below 2% of their Cmax. 
Further, the developed assay was extended for analysis of numerous other drugs that may 
interact with MED or cause suspected ADE (sulfamethoxazole, trimethoprim, caffeine, 
arginine, ciprofloxacin and carbamazepine) 

Conclusions: The developed method can be used in emergency units as a fast test to detect 
possible interacting drugs MED and understand ADE at a reduced time and cost.  

Keywords: CYP3A4 inhibitors; sildenafil citrate; drug interaction; UPLC/MS-MS; 
cardiovascular events. 
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Introduction		
The inadvertent drug interaction due to irrational use of medicines (IRM) can be 
overlooked in emergency departments and healthcare settings. Detection of IRM is usually 
performed via revising electronic data to reveal patient consumption of medications. Such 
practice is only possible in developed countries where advanced electronic systems that 
record prescription and dispensing are present. In less developed economies, patient 
interviewing may be performed. In many situations, patient consumption of medications is 
not adequately revealed or reported [1]. Moreover, electronic record reviewing cannot 
account for self-medication, herbal drug consumption, or poor adherence to medications. 
Furthermore, in poor economies, dispensing errors are unlikely to be detected with the lack 
of systems that record drug dispensing.  

Poor knowledge of the drugs consumed by patients can result in unintended drug-drug 
interaction (DDI) with medications administered in emergency departments (MED) or 
failure to detect an adverse drug event (ADE) which consequently may result into poor 
clinical management. Advanced analytical methods can provide an evidence-based insight 
of drugs consumed by a patient. Such knowledge will prevent unwanted DDI and fasten 
the clinical management.  

Examples of medications that may inadvertently interact with MEDs are sexual enhancing 
agents, for example the phosphodiesterase 5 inhibitors (PDE5i) sildenafil (SLD) where 
their use results into an accumulation of cyclic guanosine mono-phosphate (cGMP). This 
poses a challenge to emergency units who are likely to administer glyceryl trinitrate or any 
NO source to manage a stroke. This inadvertent interaction may result into an unforeseen 
vasodilation and fatal hypotension. In such situations, knowing the previous consumption 
of SLD may prevent a life threatening condition [9].  

Other candidates that are likely to interact with MEDs are the macrolide antibiotic 
erythromycin (ERT), and the azole antifungals itraconazole (ITR) or ketoconazole (KET). 
ERT may severely interact with alfentanil (an opioid analgesic used in minor operations in 
emergency departments) causing prolonged sedation and respiratory depression [11]. ERT 
may also interact with β2 adrenergic agonists which are commonly used for management 
of acute asthma or with droperidol (a drug used in emergency departments for sedation and 
management of acute behavioral disturbance) causing prolongation of the QT interval and 
potassium loss leading to a risk of ventricular arrhythmias inducing torsade de pointes and 
sudden death [10],[12]. Similarly, ITR and KET may interact with alfentanil and salmetrol 
(MEDs) leading to a prolongation of the QT interval [13] or conivaptan, causing an 
increase in its blood level and subsequent side effects [14]. Previous knowledge of ERT, 
ITR or KET presence in plasma prior to the administration of a MED may thus prevent 
numerous side effects. 
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Another serious form of DDI is that resulting from pharmacokinetic interactions such as 
altering the activity of cytochrome P450 (CYP 450) or the P-glycoprotein (P-gp). Such 
interaction might cause an unexplained ADE when the drug consumption record is unclear. 
Drugs that affect these two enzymes are tabulated in table 1.  

Table 1a: Drugs affecting cytochrome (CYP) enzyme 

 CYP  affecting List Potent inhibitors Potent inducers 

P1A2 

Amiodarone Carbamazepine 
Cimetidine Phenobarbital 
Ciprofloxacin Rifampin 
Fluvoxamine  Tobacco 

CYP2C9 

Amiodarone Carbamazepine 
Ritonavir Phenobarbital 
Trimethoprim/sulfamethoxazole Phenytoin 
Fluconazole Rifampin 
Fluoxetine 
Metronidazole 

CYP2C19 
Fluvoxamine Carbamazepine 
Isoniazid Phenytoin 
Ritonavir Rifampin

CYP2D6 

Amiodarone 

No significant inducers 

Cimetidine 
Diphenhydramine 
Fluoxetine 
Paroxetine 
Quinidine 
Terbinafine 
Ritonavir  

CYP3A4 and 
CYP3A5 

Verapamil Rifampin 
Clarithromycin Carbamazepine 
Diltiazem Phenobarbital 
Erythromycin Phenytoin 
Itraconazole  
Ketoconazole 
Nefazodone 
Ritonavir
Telithromycin 
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Table 1 b: Drugs affecting P-glycoprotein (P-gp) 
Inhibitors Inducers 
Amiodarone Carbamazepine 
Clarithromycin Rifampin 
Erythromycin St. John's wort 
Ketoconazole Tipranavir 
Quinidine 
Saquinavir
Verapamil 

Many examples of such interaction exist in literature, for example, a case report of SLD 
hepatic toxicity for a patient under concomitant treatment with a CYP450 inhibitor. In the 
presented case report, the patient did not ingest a high dose of SLD, but only an ordinary 
dose of a 100 mg tablet. The association of CYP450 inhibitor was neglected as a possible 
cause of the toxicity in the case report [16]. Another example is a 42 years old diabetic 
patient experiencing sustained ventricular tachycardia, ventricular fibrillation and pulseless 
heart arrest as a result of a PDE5i use for treatment of pulmonary hypertension (SLD, 20 
mg taken 3 times daily). The patient had been on a long-term treatment with an antibiotic 
(type not mentioned) for a non-healing leg wound [17]. Similarly is the case report, where 
a sudden cardiac death was reported for a mid-forties HIV infected patient. Toxicological 
investigations concluded the death was not HIV induced and records revealed that HIV 
was totally cleared from his blood. However, for a facial rash, he had been prescribed 
clarithromycin for 2 weeks. Post-mortem analysis of plasma showed the presence of SLD. 
The use of clarithromycin could be a possible cause for elevating the SLD level resulting 
in the cardiac lethal event [18]. 

Comprehensive drug analysis has been previously proposed to screen and detect any drug 
overdose in patient plasma. Although beneficial, the cost of such assay is high and its 
duration to release results can be lengthy [19].  

The aim of this study is the development of a faster analytical method for the determination 
of a limited number of drugs that may seriously interact with MED and/or cause CVS 
related side effects. Drugs with poor dispensing control in the Egyptian market and meet 
the aforementioned criteria were selected. The proposed method will provide an insight in 
the presence of such drugs in plasma and prevent any unpredicted MED /DDI related side 
effect to such drugs.  
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Experimental	

Materials	and	reagents	
SLD, ERT, analyzed as erythromycin ethylsuccinate, ITR, KET and GAT (purity higher 
than 99.82 %) were obtained from National Organization of Drug Quality Control and 
Research (Cairo, Egypt). Analytical grade formic acid, acetic acid and ammonium acetate 
and HPLC grade methanol and acetonitrile were purchased from Sigma-Aldrich 
(Steinheim, Germany). Millipore water was used throughout the experiment. Human 
plasma was purchased from the Egyptian company for biological products and vaccines 
(VACSERA, Egypt).  

An Acquity UPLC-MS/MS equipped with electrospray ionization (ESI) probe and a 
tandem quadrupole detector (TQD, Waters) was used for the assay (Waters, Milford, MA, 
USA). The system included a vacuum degasser, a quaternary pump, a thermostatted auto-
sampler and column oven compartment. MassLynx software 4.1 was used for controlling 
the instrument and performing data acquisition and processing. An Eppendorf micro-
centrifuge with maximum speed of 14000 rpm was used.  

Standard	solutions	
Stock solutions (100 µg/mL) of SLD (in water), ERT (in ethanol), ITR and KET (in 
methanol) and GAT (in ethanol) were prepared. Human plasma was spiked with drug 
solutions to give a series of plasma samples in a concentration range from 10 to 8000 ng/mL 
for SLD, ERT, ITR and KET. Fifty µL of GAT (1 µg/mL) solution were also spiked in 
each sample as internal standard (IS).  

Sample	preparation	
Different reagents were tested for protein precipitation. These included formic acid, 
methanol and acetonitrile. Finally, a mixture of all was utilized where plasma (200 µL) was 
mixed with the precipitation solvent (methanol: acetonitrile: formic acid; 20:20:8 v/v/v) in 
ratio of 1:6 followed by ultra-sonication for 5 min and centrifugation at 14,500 rpm for 
another 10 min. The clear supernatant was then injected into the UPLC-MS/MS system.  

MS/MS	analysis	
Solutions of SLD, ERT, ITR, KET, and GAT, each at a concentration of 100 ng/mL, were 
used for the tuning of the tandem quadrupole MS/MS detector. Positive-ion ESI was 
performed. The cone gas flow was adjusted to 50 L/Hr, the desolvation gas flow to 900 
L/Hr, the collision gas flow to 0.1 mL/min, the source temperature to 120 ºC, and capillary 
voltage to 3000 V to get the best sensitivity of the target ions. Cone and collision voltages 
were optimized for each drug for optimum sensitivity of the precursor ion and its fragment 
ion. Chromatographic monitoring was performed in selected reaction monitoring (SRM) 
mode (Table 2).  

Table 2: MS tuning conditions for the five tested drugs. 
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Drug Precursor ion 
Cone voltage 
(V) 

Collision 
energy (V) 

Product ion 

SLD 475.3 30 45 57.9 
ERT 862.7 20 10 862.7 
ITR 705.3 20 45 392.4 
KET 531.2 20 45 489.2 

GAT 376.4 
20 40 261.0 
20 20 358.0 

SLD: Sildenafil citrate; ERT: erythromycin succinate; ITR: itraconazole; KET: ketoconazole; GAT: gatifloxacin) 

Chromatographic	conditions	
A UPLC BEH C18 column (50 mm × 2.1 mm, 1.7 µm) was used. Gradient elution was 
performed at a flow rate of 0.15 mL/min. The total run time was 10 min. The injection 
volume was 5 µL. The mobile phase was composed of acetonitrile (A), methanol (B),0.1 
M ammonium acetate (C) and water (D). The gradient program is presented in Table 3.  

Table 3: Gradient elution programs applied for the separation. 
A B C D

time (min) Acetonitrile Methanol 
0.1 M 
ammonium 
acetate 

Water 

0 – 2 15 25 30 30 
2 – 3 70 30 0 0 
3 – 5 15 25 30 30 

Screening	method	validation	
Specificity: Blank plasma from six different donors were analyzed to test the presence of 
peaks at the given SRM values to test for selectivity of the assay. 

System carryover: A QC sample of the highest concentration was injected into the UPLC 
system and analyzed. Afterwards, a blank sample (precipitated un-spiked plasma) was 
injected. The SRM chromatogram was examined for the responses of the four drugs to see 
if traces of the analyte are carried over by the system into a subsequent analysis. 

SRM selectivity: The interference between the SRM transitions was tested by injecting 
plasma extracts of each compound separately on a full SRM with channels of all studied 
drug. The chromatogram corresponding to each MS channel of the SRM was monitored to 
detect any interference. 
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Limit of detection (LOD): Plasma samples spiked with varying concentration (2 – 10 
ng/mL) were prepared and analyzed for analytical determination of the LOD.   

Linearity: Spiked plasma samples of concentration range 10 – 8000 ng/mL of SLD were 
used to establish the calibration curves. The peak area ratio between those of the drugs and 
GAT as IS were used to draw best-fit (matrix-based) calibration curves. The regression 
equations were deduced.  

Accuracy: The accuracy of the assay was tested by QC sample with 30, 2000 and 7000 
ng/mL of SLD. Six replicates of the QC samples were injected into the UPLC-MS/MS 
system and analyzed. The regression equation was used to calculate the measured 
concentration.  

Precision: For inter-day precision (within run repeatability), six replicates of the three level 
QC samples were prepared and analyzed as described above. Precision was calculated 
based on CV% of the analytical response. For intraday precision (between run 
repeatability), determinations of the six replicates of three level QC samples were repeated 
over three consecutive days. Precision was calculated as CV% of the peak area. 

Table 4: Regression equation, range, accuracy and precision of determination for the 
studied drugs in human plasma 

SLD KET ITR 
Regression equation y = 0.0079x + 10.56 y = 0.0093x +

3.0736 
y = 0.003x + 0.9602 

Regression 
coefficient 

0.9933 0.9962 0.9923 

Range (ng/mL) 10 – 8000 10 – 8000 10 – 8000 
Average Accuracy  101±1.89 101±0.92 100±1.30 
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Results	and	Discussion	
ESI-MS/MS scanning was done for a mixture of the four drugs at a concentration of 100 
ng/mL each. The assigned SRM transitions are indicated in Table 2 along with the selected 
tuning conditions for optimum sensitivity. On repeating the experiment of selecting SRMs 
and their corresponding tuning conditions on spiked plasma extract, there was no alteration 
in the best conditions.  

A simple protein precipitation (PP) method was adopted for sample preparation. This was 
based on the fact that the procedure is intended for screening the presence of certain drugs 
rather than to perform their quantitative analysis. Accordingly, the relative matrix effect 
that might be associated with PP is not a major concern for our specific application. PP 
was investigated using either an organic solvent (acetonitrile or methanol) or using an acid 
(formic acid). A combination of all solvents was prepared as a precipitation solvent 
(methanol: acetonitrile: formic acid; 20:20:8 v/v/v). The precipitation solvent was mixed 
with 200 µL of plasma in a ratio of 1:6 followed by ultrasonication for 5 min to aid releasing 
drugs adsorbed on the surface of the protein precipitate. This was followed by 
centrifugation at 14,500 rpm for another 10 min. Such straightforward sample treatment 
can be efficiently applied with technicians in health facilities.  

Specificity of the assay was ensured through the injection plasma samples from six 
different volunteers which in turn showed no peaks in the studied SRM transitions of the 
assay. To ensure no interference or misinterpretations from successive analysis, the 
carryover assay was performed. The system showed no carryover when a blank plasma 
sample was directly injected after the injection of a sample of the highest concentration on 
the calibration curve. The chromatogram of the blank plasma sample showed no peaks for 
the studied drugs at the SRM transitions selected for the study. These results indicate that 
the system is efficient to totally elute the analytes after each run with no traces in the 
subsequent chromatograms. In our consideration, this is due to the long (5 min) 
equilibration period in each run.  No interference was observed in the optimized SRMs. 
This was evident on injecting each drug separately on the designed SRM method (Table 1) 
where no ghost peak was observed for any of the other 4 drugs. 

In our screening assay, the adequate LOD is critical to ensure applicability of the proposed 
method. We used 2 % of the Cmax as a cutoff value for LOD where the assay should be able 
to detect suspected medications at a level lower than 2 % of the Cmax).  

The Cmax of SLD varies from 100 – 500 ng/mL and the half-life (t1/2) is approximately 4 
hours after its recommended oral dose (25 – 100 mg) [20-22]. The average Cmax of ITR 
after oral administration vary from 500 -  2000 ng/mL according to the oral dose with a t1/2 

of 20 h, while the Cmax of KET is as high as 4000 ng/mL with a t1/2 of 4 h while the Cmax 
of ERT is 3000 ng/mL with a t1/2 of 2 h [23]. To test the LOD analytically, serial dilution 
of the studied drugs were injected into the system for analysis. A concentration of 2 ng/mL 
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was well detected in the chromatogram. Accordingly, it was assigned as the LOD. This 
concentration is far less than 2 % of SLD and 1% of all other drugs.  

 

Figure 1: Chromatogram of studied drugs at 10 ng/mL concentration. 
 
In addition to the QT prolongation and CVS side effects that may take place as a result of 
ITR, KET and ERT interactions with MED, these drugs may inhibit the metabolism of 
SLD resulting in elevating its plasma levels to a possibly dangerous levels (up to 2.6 fold).  
 

 
Figure 2: Illustration of the pharmacological action of SLD on the treatment of ED 

and pulmonary hypertension, with and without the co-administration of a CYP 
inhibitor. 
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For the assessment of the concentration-related SLD toxicity, the linearity, accuracy and 
precision of the method for the determination of SLD was assessed. Calibration plots were 
drawn using calibration standards in the range of 10 – 8000 ng/mL of SLD in presence of 
all other drugs. Best-fit calibration curves of peak area ratio versus concentration were 
drawn and regression equations were calculated. The method showed good linearity as 
proven by the high correlation coefficients (r2= 0.9933). The LLOQ (lowest concentration 
which could be calculated with average accuracy of 100 ± 20 %) was found to be 10 ng/mL 
for SLD. The analytical response of different QC samples was applied to the regression 
equations from which their concentrations were calculated. The method was found to be 
accurate for the determination of SLD with an average accuracy of 99.64±1.89%. The 
precision was tested by comparing the analytical response of six replicates at the three QC 
levels. The procedures were repeated interday and intraday. Data was represented as CV% 
and was under <15% in all tests. This method can be further extended to include other 
drugs that are suspected to be a cause of ADE or to interact with an MED. For instance this 
chromatographic elution system was applied for the detection of other drugs which lie in 
the same polarity window such as sulfamethoxazole, trimethoprim, caffeine, ciprofloxacin 
and carbamazepine  

Conclusions	
A screening method was developed for the fast and simultaneous detection of drugs with 
poor dispensing control in the Egyptian market and with possible DDI with MEDs and 
among each other.  

A simple and direct sample preparation was adopted using a small volume of plasma which 
can be withdrawn for routine clinical tests at emergency departments. The adopted 
procedure does not need trained analyst for application rather any chemistry technician in 
hospital laboratory can efficiently apply it. 

The assay can directly give insight on the presence of SLD, and the CYP450 inhibitors 
ERT, ITR and KET at levels below 2% of their cmax. Such information can prevent 
numerous unforeseen CVS related interactions with MEDs. The method can be easily 
extended to include other medications that are suspected to cause problems at the 
emergency units. 

118



Chapter 5 

References	
1. Monte, A.A., et al., The accuracy of self‐reported drug ingestion histories in emergency department

patients. The Journal of Clinical Pharmacology, 2015. 55(1): p. 33‐38.

2. Alshahrani,  S.,  et  al.,  Phosphodiesterase  type  5  inhibitors:  Irrational  use  in  Saudi  Arabia.  Arab

Journal of Urology, 2016. 14(2): p. 94‐100.

3. Gebregeorgise, D.T., Y.M. Belay, and S. Kälvemark Sporrong, Sildenafil citrate use in Addis Ababa:

characteristics of users and pharmacists’ dispensing practices.  International Journal of Clinical Pharmacy,

2018. 40(1): p. 67‐73.

4. Çayan, S., et al., Prevalence of erectile dysfunction in men over 40 years of age in Turkey: Results

from the Turkish Society of Andrology Male Sexual Health Study Group. Turkish journal of urology, 2017.

43(2): p. 122.

5. PLATEK,  A.E.,  et  al.,  Prevalence  of  Erectile  Dysfunction  in  Atrial  Fibrillation  Patients:  A  Cross‐

Sectional, Epidemiological Study. Pacing and Clinical Electrophysiology, 2016. 39(1): p. 28‐35.

6. Raheem,  O.A.,  et  al.,  The  Association  of  Erectile  Dysfunction  and  Cardiovascular  Disease:  A

Systematic Critical Review. American Journal of Men's Health, 2017. 11(3): p. 552‐563.

7. Ramírez‐Ramos,  J.K.,  et  al., Prevalence  of  erectile  dysfuction  in  diabetic  patients  older  than  40

years. Revista Médica MD, 2015. 6(4): p. 280‐284.

8. Lebel, P., et al., A rapid, quantitative liquid chromatography‐mass spectrometry screening method

for 71 active and 11 natural erectile dysfunction ingredients present in potentially adulterated or counterfeit

products. Journal of Chromatography A, 2014. 1343: p. 143‐151.

9. Phillips, J., Have you had Viagra within the past 24 hours?  Journal of Paramedic Practice, 2017.

9(11): p. 490‐494.

10. Wiśniowska, B. and S. Polak, The Role of Interaction Model in Simulation of Drug Interactions and

QT Prolongation. Current Pharmacology Reports, 2016. 2(6): p. 339‐344.

11. Miner,  J.R.,  et  al., Alfentanil  for  Procedural  Sedation  in  the  Emergency  Department.  Annals  of

Emergency Medicine, 2011. 57(2): p. 117‐121.

12. Calver,  L.,  et  al.,  The  Safety  and  Effectiveness  of  Droperidol  for  Sedation  of  Acute  Behavioral

Disturbance in the Emergency Department. Annals of Emergency Medicine, 2015. 66(3): p. 230‐238.e1.

13. Liao, M.M., et al., Salmeterol use and risk of hospitalization among emergency department patients

with acute asthma. Annals of Allergy, Asthma & Immunology, 2010. 104(6): p. 478‐484.

14. Der‐Nigoghossian,  C.,  C.  Lesch,  and K.  Berger, Effectiveness  and  Tolerability  of  Conivaptan  and

Tolvaptan for the Treatment of Hyponatremia in Neurocritically Ill Patients. Pharmacotherapy: The Journal

of Human Pharmacology and Drug Therapy, 2017. 37(5): p. 528‐534.

15. Muirhead, G., et al., The effect of steady state erythromycin and azithromycin on pharmacokinetics

of sildenafil in healthy volunteers. Vol. 53 Suppl 1. 2002. 37S‐43S.

16. Daghfous,  R.,  et  al.,  Sildenafil‐Associated  Hepatotoxicity.  The  American  Journal  Of

Gastroenterology, 2005. 100: p. 1895.

17. Varma, A., K. B Shah, and M. L Hess, Phosphodiesterase Inhibitors, Congestive Heart Failure, and

Sudden Death: Time for Re‐Evaluation. Vol. 18. 2012. 229‐33.

18. Kobayashi, M., et al., A sudden cardiac death  induced by sildenafil and sexual activity  in an HIV

patient  with  drug  interaction,  cardiac  early  repolarization,  and  arrhythmogenic  right  ventricular

cardiomyopathy. Vol. 179C. 2014. 421‐423.

19. Fabbri,  A.,  et  al.,  Comprehensive  drug  screening  in  decision  making  of  patients  attending  the

emergency department for suspected drug overdose. Emergency Medicine Journal, 2003. 20(1): p. 25.

119



Chapter 5 

20. Nichols, D.J., G.J. Muirhead, and J.A. Harness, Pharmacokinetics of sildenafil after single oral doses

in healthy male subjects: absolute bioavailability, food effects and dose proportionality. British Journal of

Clinical Pharmacology, 2002. 53(Suppl 1): p. 5S‐12S.

21. Mora‐Peris, B., et al., A Phase I study to assess the safety, tolerability and pharmacokinetic profile

of boceprevir and  sildenafil when dosed separately and  together,  in healthy male volunteers.  Journal of

Antimicrobial Chemotherapy, 2015. 70(6): p. 1812‐1815.

22. Milligan, P.A., S.F. Marshall, and M.O. Karlsson, A population pharmacokinetic analysis of sildenafil

citrate in patients with erectile dysfunction. British Journal of Clinical Pharmacology, 2002. 53(s1): p. 45S‐

52S.

23. Kaeser, B., et al., Drug‐Drug Interaction Study of Ketoconazole and Ritonavir‐Boosted Saquinavir.

Antimicrobial Agents and Chemotherapy, 2009. 53(2): p. 609‐614.

120



Chapter 6 

Evaluation of FTIR as an easy and 
green detection method of antibiotic 

contamination in meat

Faten Farouk, Hassan M.E. Azzazy, Wilfried M.A. Niessen. "Evaluation of FTIR as an easy and 
green detection method of antibiotic contamination in meat." Manuscript in preparation. 





Chapter 6 

Evaluation	of	FTIR	as	an	easy	and	green	detection	method	of	antibiotic	
contamination	in	meat	

Abstract	
Introduction: Antibiotics (ABs) use in animal husbandries for economic purposes is a public 
health concern. Food regulatory authorities have banned their use except for therapeutic purposes. 
Residue analysis of ABs needs sophisticated facilities, unavailable in remote areas which imply 
costly transport of goods to central laboratories. Therefore, non-laboratory setting screening 
methods are required by meat traders and processors. 

Aim: The aim of this study is to evaluate FTIR as a green analytical method for field assessment 
of meat contamination by ABs at non/under equipped laboratory settings.  

Methods: Clean and spiked kidney samples (20 mg) with different ABs (n=12) in the 
concentration range of 1 – 6 ppm were analyzed by FTIR. Collected spectral information was used 
to build a database model against which samples were compared using distance rank plot analysis. 
Two discrimination models were evaluated. Model 1 discriminates clean from contaminated 
samples while model 2 detects the contaminating AB compound class. Clean and spiked kidney 
samples were used to test the two discrimination models. 

Results and Conclusions: The FTIR was able to differentiate the clean samples from spiked ones 
in > 90% of the samples (n=56) and to identify its class in 70% of the tested samples (n=77). In 
conclusion, an FTIR method with minimal sample preparation procedures, no solvent requirement 
and low running cost was developed for detection of AB residues in meat. The method does not 
need skilled analysts and can be applied at any point of food production chain. It provides a 
solution for initial screening of meat and reduces the cost of analytical procedures.  

Keywords: FTIR spectroscopy; meat contamination; antibiotic residues 
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Introduction	
Antibiotics (ABs) are widely used in livestock as growth promoters, prophylactic agents, and for 
their original therapeutic use where their consumption exceeds seven fold that of humans [1]. The 
use of ABs in livestock is appealing to the meat producers. It has a positive economic impact 
primarily by increasing meat production (feed conversion factor), enhancing consistency in animal 
size and reducing illness and infection-induced death cases. Without the ABs, the cost of 
production will be elevated in farms while the space in husbandry required per animal and the 
labor for hygiene purposes will be increased. Additionally, more expensive biological security 
measures will be necessary [1].  

This enormous use of ABs in livestock results in many serious public health issues. a) The 
occurrence of residues of ABs in food products of animal origin represents a direct health concern 
by the unnecessary exposure of human consumers to ABs; b) The overuse of ABs contributes to 
developing resistance; and finally c) pathogenic micro-organisms which are propagated in these 
conditions are resistant to ABs and are likely to enter the food supply chain causing serious 
infections and may transmit the ABs resistant genes to other micro-organisms [1].  

Figure 1: Misuse of AB in animal husbandries  

The EU banned the use of ABs as growth promoter while in the US their use has been restricted 
by the FDA which in turn issued guidance document to limit the use of medically important ABs 
in livestock for non-therapeutic activities and to restrict their use unless based on veterinary 
oversight [2-4]. To compromise between the producer and the community benefits, the maximum 
residue limit (MRL) approach was developed. This is the maximum allowed limit of a veterinary 
drug in food products below which the food product can be released safely into the market. The 
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MRLs of ABs vary according to their class and even vary within a class. The MRLs generally are 
in the range of 0.01 – 6 ppm [5]. To reinforce these regulations, cheap and fast screening methods 
are needed. The simplification of the analytical technique will enable instant assessment and 
prohibition of food containing ABs above the MRL.  

The detection and quantification of residues of ABs in food of animal origin is a major issue for 
food analysts and producers where the ABs species as well as its expected levels are also unknown. 
Thus, an untargeted screening to determine the presence and identity of ABs is needed prior to its 
targeted quantitative determination. This represents challenges in the extraction of ABs residues 
as well as their detection and quantification [6, 7]. 

Whereas immune-affinity based methods are frequently used in screening [8-10], LC–MS/MS has 
become the method of choice in quantitative analysis [11-20]. However, the use of LC–MS/MS 
requires significant investments in instrumentation, infrastructure, running costs and trained 
personnel. 

Fourier-transform infrared spectroscopy (FTIR) is a very appealing analytical tool for food quality 
control and residue analysis applications due to its profound characterization abilities. The 
application of FTIR for AB residue detection requires high analysis sensitivity and unique 
discriminating and selectivity properties based on food finger printing techniques [21]. The later 
usually implies the association of FTIR with chemometric software.  

It has been demonstrated that FTIR can be applied for residue analysis, adulteration screening, and 
component and integrity analysis. Examples are the report of Mauer et al. on discriminating 
melamine adulterated infant milk formulas down to 1 ppm (mg kg–1) [22], while Balabin et al. 
detected and quantified melamine even below the 1 ppm level [23]. Spinal cord content was 
estimated in ground beef down to the 16 ppm level [24]. Aflatoxin B1 was detected down to 0.008 
ppm in peanut samples and deoxynivalenol down to 1.8 ppm in maize samples [25]. Ochratoxin 
A was detected in vine juice down to 0.008 ppm [26]. A method reported by Hernández et al. was 
capable to discriminate sulfathiazole or oxytetracycline contaminated honey samples from clean 
ones as well as to quantify the contamination level in range from 2 – 1000 µg/L (0.002 – 1 ppm) 
[27]. In a report by Qin et al., FTIR was used to detect and determine tetracycline ABs in milk 
samples. The FTIR was able to discriminate clean and tetracycline contaminated milk and to 
quantify the AB contamination in the range from 1 – 160 ppm. However, it was unable to 
differentiate the type of tetracycline contamination [28]. Some other recent examples are presented 
in Table 1.  

In this study, the potential of FTIR in residue analysis of ABs in kidney samples has been 
evaluated. The FTIR method was tested to discriminate AB-contaminated meat samples from clean 
ones and to further detect the type of contamination at MRL level. The ability of FTIR to identify 
the contaminating ABs can provide an initial screening methodology which in turn eliminates the 
burden of selecting the appropriate extraction method for residue analysis. It can reduce the cost 
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of analysis and provide an alternative analytical method for remote farms with no access to LC-
MS/MS as well as for developing countries. 

Table1: Selected examples of FTIR application in food analysis 

Food analysis 
area 

Residue  LOD Application 
matrix 

Chemometric 
model 

Reference 

Detection 
and 
determination 
Food 
contaminants 

Melamine 1 ppm Infant 
powder 
milk 

PLS was 
used for 
quantitation  

[21] 

3.5 ppm Infant 
liquid milk 

Acrylamide 0.1 ppm Fried 
Potato 
chips 

PLS for 
quantitative 
determination 

[38] 

Pesticides 0.0012 
ppm 

Fresh water PLS [39] 

Food 
adulteration 
and 
composition 
screening  

Pork meat 1% w/w Beef meat 
ball 

PLS [40] 

Heart/tripe/liver/kidney 20% 
w/w 

Cooked 
meat 

PLS-PCA [41] 

Horse meat/ fat beef 
trimmings, and 
textured soy protein 

2% Minced 
meat 

SIMCA [42] 

pork Sausages  PLSDA  [43] 
Evaluation of 
food integrity  

Fungal infection ANN [44] 
Meat freshness Beef 

samples 
neuro-fuzzy 
identification 
model 

[45] 

Acidity (free fatty 
acids and acid value) 

Ester based 
oils 

-- [46] 

lard Edible fates PCA and 
cluster 
analysis 

[47] 

PLS: partial least square; PCA: Principal component analysis; SIMCA: Soft Independent Modeling Class Analogy; PLSDA: partial least squares 

discriminant analysis; ANN: Artificial neural network 
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Materials	and	methods	

Materials		
The AB reference substances (gatifloxacin, ofloxacin, ciprofloxacin, sulfathiazole, sulfadiazine, 
sulfacetamide, tetracycline, chlortetracycline, oxytetracycline, cefalexin, cefaclor, cefradin, etc.) 
were obtained from the National Organization of Drug Quality Control and Research (Cairo, 
Egypt). IR-grade KBr was obtained from Fisher Scientific (Waltham, MA). Kidney samples were 
purchased from local butchers in Cairo and Giza (Egypt). 

Instrumentation	
For FTIR analysis, a Nicolet FTIR Model 300 spectrophotometer (Thermo Scientific, Madison, 
WI, USA) equipped with Omnic TM software for spectral acquisition and TQ-analyst EZ edition 
software for data analysis and quantification were used. An agate mortar, a stainless-steel handy-
press accessory (Thermo Scientific, Madison, WI) and a die press were used for the sample 
grinding and the pellet formation. 

General	FTIR	sample	preparation	and	scanning	

Drug	stock	mixtures	and	spiking		
Ten mg of each AB were weighed and subsequently diluted to 1000 mg with KBr. The mixture 
was grinded thoroughly in an agate mortar for powdering and mixing (Stock A; 10 µg/mg). From 
Stock A, two serial geometrical dilutions were made, each by transferring 10 mg of the mixture 
and completing the weight to 1000 mg to prepare Stock B (100 ng/mg) and the working mixture 
(C; 1 ng/mg (w/w)), respectively.  

Sample	spiking	
To 20 mg of kidney sample, varying weights (20 – 120 mg) of the working mixture (C) were added 
to prepare the final samples in a concentration range of 1 – 6 ng AB/ mg of meat (1 – 6 ppm).  

Sample	processing	
A meat sample of 20 mg size was brought to 140 mg by KBr. The whole mixture was grinded in 
an agate mortar until a homogenous mixture was obtained. The mixture was placed into the die-
press and subjected to a pressure of 150000 lbs for 2 min until a disk is formed which is 
subsequently placed in the FTIR cell for scanning.  

An alternative procedure was tested where the meat sample size was 10 mg and the total pellet 
weight was 70 mg. Manual pressures was applied by the handy-press for 1 min and the disc was 
obtained and scanned.  

Scanning of the FTIR spectrum was performed in the range of 400–4000 cm–1. The spectral 
resolution was 4. Each recorded spectrum was an average of 32 scans. The data was obtained in 
the absorbance format using air as background. Different experiments were performed to evaluate 
the sample processing factors that affect the final spectrum such as the effect of the pellet pressing 
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strength, the effect of the pressing uniformity and the powder loss and the effect of the meat sample 
size (Supplementary materials 1).  

The ability of FTIR to detect ABs at a 10 ng concentration was evaluated. From the working 
mixture C, weight equivalents to 10 ng of different ABs were processed into a disc and the FTIR 
spectrum was scanned against air background. The spectra were compared to the spectra of blank 
KBr samples that were subjected to humidity (supplementary materials 2).  

Discriminating	model	generation	
Initially, the kidney samples from at least five different local sources (markets) were used. Each 
source was separately spiked by the test ABs at three different concentration levels (10, 30 and 60 
ng AB/10 mg meat = 1 – 6 ppm) (cf. section 2.3.2). Unspiked meat samples were also prepared. 
The samples were FTIR analyzed and incorporated into a database as “standard entries” to generate 
discriminating models. Two database models were used. 

Model 1 aims to discriminate between clean and spiked samples. The model was composed of 52 
standard entries. The standards included 42 spiked kidney samples with seven different ABs 
(cefdinir n=5, cefaclor n=4, sulfadiazine n=5, ciprofloxacin n=5, ofloxacin n=5, oxytetracycline 
n=4, and chlortetracycline n=5) and 7 clean kidney samples. In addition, five pure AB samples 
were incorporated, representing each AB class (cefdinir, sulfathiazole, ciprofloxacin, 
oxytetracycline and chlortetracycline). A composite spectrum was derived for each class of ABs 
and incorporated in the database. The standards were identified as either spiked or clean. The 
spectral range was automatically assigned from 400–3999 cm-1. The path length of all samples 
(thickness op pellet disc) was kept constant and the analysis type selected was the distance rank 
plot. 

Model 2 aims to discriminate samples as either clean or spiked with a certain AB class.   Analyzed 
standards were assigned as either clean or spiked with a certain AB class and included in the model 
2 database. 

Both models were tested to correctly identify kidney test samples originated from different markets 
and relate them to standards in the model. Kidney sample (n=56) composed of clean (n=17) and 
spiked (n=39) ones were tested against Model 1. Kidney samples spiked with different ABs (n=77) 
were tested against Model 2. 
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Results	and	discussion	

Rationale	of	method	development	
The aim of this study is the development of a cost effective analytical method for the detection of 
AB residues in food products of animal origin. Kidney samples were chosen as the study objects 
as these are expected to have the highest AB residue level for most ABs and thus will be the easiest 
for analysis. The method is intended for application in remote areas such as slaughtering houses 
with no access to highly equipped laboratories, involving highly trained analysts and sophisticated 
instrumentation. 

FTIR was chosen for this purpose because it is a green analytical method which does not need 
solvent, does not need sophisticated sample extraction steps, and does not need a highly trained 
analyst for its operation. Moreover, its running cost can be considered low if compared to 
chromatography or even UV/VIS spectroscopy.  

FTIR is an emerging tool for food analysis in both food authentication and food quality due to its 
unique detection abilities in terms of sample characterization. An FTIR spectrum represents a 
fingerprint for each sample. Since the peaks correspond to bond vibration frequencies and since 
each xenobiotic has its characteristic atom and bond arrangement, no two compounds should have 
exactly the same peak pattern/fingerprint [29].  

We were encouraged to proceed in this study based on a number of previous reports supporting 
our initial findings that proved that FTIR is capable of reaching a sufficiently low detection limit 
[30] and is able to selectively report a contaminant even in a complex matrix such as food samples
without elaborate extractive sample pretreatment [22-27, 31, 32].

Our method is based on the development of a database of reference spectra of clean and 
contaminated kidney samples. Introduction of a xenobiotic (e.g., an AB) results in a change of the 
IR spectral absorbance pattern that is a deviation from the spectrum of the clean kidney sample. 
This deviation can be readily detected by the pattern recognition software delivered with FTIR 
instruments. For the required performance to be achieved, it should be established whether the 
FTIR spectrometer has enough detection power to detect the spectral difference as induced by the 
introduction of an AB contaminant at the MRL level. Secondly, the associated software should 
have the required chemometric tools to discriminate two samples based on expectedly minor 
differences in their fingerprint.  

In our method, the distance rank plot analysis was performed to discriminate samples in a similarity 
search mode [33]. A closely similar approach was applied by others for screening drugs of abuse 
with gas chromatography–FTIR spectroscopy [34]. 
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Method	development	and	optimization	

Sample	processing	optimization	
The uniformity of the collected spectra will affect the accuracy of the subsequent chemometric 
analysis used for discrimination. This is affected by the sample processing method. We aim at 
achieving a situation that the sample preparation is as robust as possible, and by itself will not 
contribute to variability in the FTIR spectrum. As a result, the only variation observed should be 
the possible biological variation between kidney samples and the deviation of the “common” 
kidney spectrum due to the presence of an AB above the MRL. The sample processing factors 
(pellet pressing strength, pressing uniformity and powder loss and meat sample size) which were 
recognized to affect the uniformity of the FTIR spectrum were studied (see supplementary 
materials 1).  

From these experiment it was concluded that changing the pellet thickness, the presence of air 
voids, the loss in powder during the pressing procedure as well as the meat content in sample all 
affect the uniformity of sample. Accordingly, a strong uniform pressure with monitoring of powder 
loss during the pressing procedure is indispensable for achieving uniform final spectra. In our 
consideration, this will improve the statistical performance of any spectral discrimination software 
[35].  

In order to achieve uniform pressing, several disc preparation methods were evaluated. The use of 
an attenuated total reflectance (ATR) accessory is generally considered to be superior for the 
designed application in many ways. It is non-destructive to sample, so it can be applied to minced 
meet samples without any loss. It requires no sample preparation or dilution. However, by its 
design, it results in reduced sensitivity, as only part of the initial IR beam reaches the detector [36]. 
As in our application, we aim at the maximum detection power of the FTIR, the ATR accessory 
was not considered to be applicable in this case. Thus, the FTIR instrument was applied in 
absorbance mode. 

The KBr disc can be made in two ways, with a quick handy-press instrument or with a conventional 
pellet pressing instrument, a so-called die press (Supplementary materials 1). The method 
involving the quick handy-press requires a total pellet size of 70 mg composed of 10 mg kidney 
and 60 mg KBr. The main advantage of this procedure is that it is relatively fast. However, the 
main drawback is the possibility of loss of part of the powder during the pressing procedure and 
the lack of pressure control.  

The die press accessory allows the use of a total of 120 mg sample. In our procedure, the meat 
sample was 20 mg and the KBr component was the rest (100 mg). The accessory allows accurate 
control on the applied pressure and avoids powder loss. The increased sample size (20 mg against 
10 mg for handy-press) will improve the sensitivity of analysis and the total analytical 
performance.  
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Identification of parameters used for identification of each compound
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to distinguish ABs at 1 ppm as a cutoff value for initial evaluation of the protocol was investigated. 
Future applications will involve tailoring the cutoff value to each AB class or molecule. 

Two models were tested: Model 1 and 2. In Model 1, the ability of the FTIR to discriminate 
between spiked and clean kidney samples was tested. On comparing analyzed samples against the 
Model 1 database, the Model was able to discriminate the clean sample from contaminated ones 
for 96 % of the samples tested (n= 56).  

Upon carefully checking these results, it was found that the spectrum which was reported by the 
software to have the best match with the test sample often was not only “spiked”, but in 79% of 
the samples it was designated to be spiked with an AB of the correct compound class. This 
encouraged us to test Model 2 of the database, which reports the class of contamination. 

In Model 2, the ability to discriminate the samples according to their class was investigated. 
Samples were incorporated into the database and denoted by their corresponding class. The model 
was not always successful to accurately determine the exact class of the AB, but it was 100 % 
successful to discriminate clean ones from spiked ones (n=77). The Model 2 succeeded to correctly 
identify the AB class in 56 out of 77 samples (73%). Our results indicate that the developed model 
(Model 1) can be directly applied for the detection of meat contamination with ABs specially those 
of high MRL values such as tetracyclines and some cephalosporins. Detecting an AB of another 
class with a lower MRL will imply direct rejection of sample if it is found to be contaminated, 
since it indicates the presence of an AB only above its MRL value. This means that for samples 
reported clean, further confirmation of absence of such AB (of very low MRL) by other means is 
required prior to sample release. 

Future research plans include improving the sample processing procedure for investigating 
contamination at 0.1 ppm level. However, at this stage, this was not achievable because we did not 
want to further geometrically dilute our working mixture and weighing a smaller spiking quantity 
from the current mixture was not desirable (2 mg for sulfonamides and 4 mg for fluoroquinolones). 
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Figure 2: A proposed workflow for the described analytical method. The suggested workflow 
will reduce the work load on the advanced laboratories and reduce the cost of analysis to 
those only acceptable to be released in the market. 

134



    Chapter 6 

 
 

Conclusions	

In this report, the FTIR discrimination abilities in combination with distance rank plot 
analysis were evaluated for their ability to discriminate between clean and AB 
contaminated kidney samples and to identify the class of AB in contaminated samples.  On 
using the FTIR with the aid of proper chemometric methods, a subtle difference in the 
spectral pattern can be detected and attributed to change in sample components. The 
developed assay was able to correctly identify spiked and clean kidney samples at or above 
the 1 ppm level with more than 90% (n=56) accuracy and was able to correctly identify the 
class of contaminating ABs by 70% (n=77) down to 1 ppm level which meets the MRL of 
some ABs. 

In conclusion, the reported FTIR method is easy and cost effective when compared to other 
analytical methodologies. It requires minimal sample preparation, no solvents and is not 
labor extensive. These characteristics make it a very appealing solution for in-field analysis 
of meat samples. In addition the developed discrimination models can be continuously 
modified, because sample entries can be incorporated into or removed from the database 
which enables its continuous growth and updating. 
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Chapter 7a 

Magnetic	iron	nanoparticles	extraction	coupled	to	FTIR	determination	of	
aminoglycosides	

Abstract	
Introduction: Aminoglycosides (AGs) are a group of broad-spectrum antibiotics (ABs). Their 
analytical detection and determination is troublesome due to their hydrophilic nature, which 
prevent their retention on reversed-phase chromatographic columns. Moreover, they lack any 
chromophore which renders their UV detection impossible. Magnetic iron nanoparticles (MNPs) 
are a very attractive sample enrichment material due to the ability of their magnetic manipulation. 

Aim: In this research, we aim at recruiting the MNP as a dispersible solid phase for the extraction 
of AGs from matrix and their subsequent analysis based on the universal Fourier-transform 
infrared spectroscopy (FTIR) using neomycin (NEO) as an example.  

Methods: Negatively-charged MNPs were synthesized by the classical thermal co-precipitation 
method and were characterized in terms of size, shape and charge. MNPs were allowed to interact 
with an AG-containing matrix and were subsequently separated by an external magnet. The loaded 
MNPs were then FTIR scanned against an air background. The FTIR spectrum of AG was 
identified while immobilized on the MNPs. The ability of the method to detect NEO contamination 
in milk was investigated.  

Results and conclusion: Negatively-charged MNPs were able to electrostatically interact with 
AG (NEO) from a liquid matrix. After the interaction, deposited NEO on MNPs surface was 
detectable by FTIR. Unfortunately, although MNPs functioned as a dispersible solid support 
material for extraction and subsequent FTIR scanning of AG extracted from liquid samples, the 
recovery of the extraction from milk sample was very poor (<20%) which prevented the detection 
of NEO near its maximum residual limit. This makes developed procedure inapplicable for the 
determination of NEO in milk.  
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Introduction	
Aminoglycosides (AGs) are a group of broad-spectrum antibiotics that can be used against both 
Gram-positive and Gram-negative bacteria. The structure lacks a chromophore, a condition which 
makes their detection by the conventional UV detectors problematic. The detection and 
determination of AGs mostly rely on liquid chromatography (LC) coupled to universal 
chromophore-independent detectors such as (tandem) mass spectrometry (MS/MS), evaporative 
light scattering detection (ELSD) and charged aerosol detection (CAD) [1-9]. Such techniques are 
usually expensive and require highly trained personnel. The highly hydrophilic nature of AGs 
stands against their proper retention on reversed-phase chromatographic column which implies the 
use of either a specialized hydrophilic interaction chromatography (HILIC) column or the adoption 
of an ion-pairing reagent (IPR). An alternative approach is pre- or post-column derivatization of 
AGs to support their chromatographic retention and UV detection, but this comes with the risk of 
handling and other experimental errors [10].  

Environmental contamination with AGs is highly likely to take place. AGs are highly water-
soluble and poly-cationic compounds, because their amino groups can be easily protonated in a 
slightly acidic condition. Such charge enables their adsorption on soil and clay as these are 
negatively-charged by nature [11].  

Detection and analysis of AGs in environmental and food matrices poses additional challenges to 
analysts as AGs usually occur in very low concentrations which adds to the chemical structure-
related analytical issues. This makes their detection via untargeted screening very difficult. Their 
analysis is restricted to expensive methods such as LC-MS/MS [12-17], micellar electrokinetic 
chromatography coupled to laser induced fluorescence (MEKC-LIF) [18], or capillary 
electrophoresis coupled to MS/MS [19].  

Traditional methods for the pre-concentration and extraction of AGs include solid-phase extraction 
using C18 or cation-exchange materials, as well as the recently-introduced molecular-imprinted 
polymers [20-24]. Innovative types of column materials for AG clean-up and analysis have also 
been reported, e.g., the hydrophilic silica-based polyvinyl alcohol materials [25] and the 
monolithic urea formaldehyde [4] and poly(methacrylic acid-co-ethylenedimethacrylate) materials 
[26].  

Magnetic iron nanoparticles (MNPs) are very attractive sample enrichment material due to their 
magnetic manipulation ability [27]. In this respect, magnetic graphene/mesoporous silica 
composites functionalized with boronic acid were employed for the extraction of streptomycin and 
dihydrostreptomycin from milk samples followed by LC-MS/MS analysis [28]. In the current 
research, we aim at recruiting the MNPs as a dispersible solid-phase material for the extraction of 
AGs from a liquid matrix and the subsequent analysis of AGs while immobilized on the MNP 
surface using the universal FTIR.  
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Materials	and	Methods	

Material	and	instrumentation	
FeCl3, FeSO4 and ammonia solution (25%) were obtained from Al-Gomhoreya for Chemical 
Industries in Cairo, Egypt. Neomycin (NEO), streptomycin and tobramycin were supplied from 
National Organization for Drug Quality Control and Research (NODQCAR). De-ionized (DI) 
water was produced in house by a Milli-Q system (Milford, Connecticut, USA). For FTIR analysis, 
a Nicolet FTIR Model 300 spectrophotometer (Thermo Scientific, Madison, WI, USA) equipped 
with Omnic TM software for spectral acquisition and TQ-analyst EZ edition software for data 
analysis and quantification were used. A Malvern zeta-sizer (Malvern, UK) and Varian UV-Vis 
300 Bio spectrophotometer (Varian, Palo Alto, CL, USA) were used. 

Synthesis	and	characterization	of	magnetic	iron	nano‐particles	(MNPs)	
The thermal co-precipitation method was adopted for the preparation of MNPs using FeCl3, FeSO4 
and ammonia (25%) [29, 30]. Briefly, 5.5 g of FeCl3 and 2.75 g of FeSO4 were weighed and 
dissolved in de-ionized water (1 L). The solution was heated at 70◦C for 30 min [29, 30]. Five mL 
of ammonia solution was added until a black precipitate was formed (magnetite Fe3O4). The 
reaction was continued for an additional 10 min. MNPs were collected by an external magnet and 
the solvent was discarded. The collected MNPs were evaporated to dryness in a rotavap. The 
residue was then washed six times with DI water and the surface charge was measured until shifted 
to negative (-20 mV) indicating complete removal of the surface-adsorbed ammonia. The MNPs 
were then dried in an oven at 180◦C and grinded before use (turned into brown solid; magnemite 
γ-Fe2O3). The MNPs (200 mg) were weighed and suspended in 100 mL DI water. The prepared 
particles were analyzed by a transmission electron microscope and FTIR and their Zeta-potential 
was measured.  

General	procedures	for	NEO	immobilization	on	MNPs	
NEO samples (500 µL, 0 – 800 µg/mL) were acidified by the addition of formic acid (100 µL). A 
200 µL MNP suspension at a fixed concentration of 3.3 mg/mL in DI water was then added and 
the volume was completed to 1.5 mL with methanol. The mixture is allowed to stand for 5 min 
followed by their separation using an external magnet. The MNPs were then dried in a thermal 
block at 70◦C.  

The addition of methanol was compared to that of water as a final extraction step. In two series of 
Eppendorf tubes, different volumes of NEO solution (1 mg/mL) were transferred (0 – 100 μL) and 
the volume was completed to 500 μL in all tubes. To each, 100 μL of formic acid were added for 
acidification followed by the addition of 100 μL of an MNP suspension (3.3 mg/mL in DI). The 
volume was completed to 1.5 mL with methanol in series a or water in series b. Samples were let 
stand for 5 min. Then, the MNP were collected by an external magnet. The collected MNPs were 
air dried and suspended in DI water, sonicated for 5 min. Their surface charge was measured to 
reflect the immobilization of NEO on the MNPs in ranges (0 -133 µg/mL). 
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Analysis	of	NEO	immobilization	by	MNPs	

Development	of	NEO	qualitative	color	test	
A colorimetric test using sodium nitroprusside (SNP) was modified for the determination of AGs 
[31]. The SNP reagent was prepared by adding 1 g each of sodium nitroprusside, potassium 
ferricyanide and sodium hydroxide to 100 mL of water. The volume was then made up to 400 mL 
with distilled water.  

The reaction of SNP with NEO produced a yellowish orange color with an λ max of 474 nm in 
neutral medium. In acidic medium, the SNP exhibits a green color, which in presence of NEO 
turns into an orange color. The test is performed on the liquid samples before and after their 
treatment with MNPs (supplementary materials 1). In addition, a chromatographic assay was used 
to compare the NEO in water samples before and after MNP extraction (supplementary materials 
2).  

FTIR	analysis	of	NEO	immobilized	on	MNP	surface	
NEO samples (500 μL, 0 – 800 µg/mL) were prepared and extracted as described under General 
procedures for NEO immobilization on MNPs. The collected MNPs were dried in a thermal-block 
at 70◦C in presence of 60 mg KBR. The dried mixture was then grinded and pressed into a KBr 
disc for FTIR analysis. The spectra were recorded in absorbance mode in the range of 400 – 4000 
cm-1. In addition, blank MNPs with no NEO and a pure NEO sample were measured as well. The
FTIR spectra were compared. Two background spectra were evaluated: blank MNPs and air.

Application	to	food	matrix	
To 500 µL of milk, 100 µL of formic acid was added followed by centrifugation to remove the 
precipitating protein. To the supernatant, 200 µL of MNPs were added and the volume was 
completed with methanol to 1.5 mL. The mixture was left to stand for 5 minutes followed by MNP 
collection by an external magnet.  

Milk samples were spiked with NEO (0 – 800 µg/mL) pre- and post-protein precipitation. The 
extraction procedures were completed as previously described and the absorbance in FTIR was 
compared.  
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Results	and	discussion	

Synthesis	of	MNPs	
In this study, MNPs were successfully prepared by the classical thermal co-precipitation method 
[29, 30]. The prepared MNPs were spherical in shape and of size ranging from 6 – 15 nm. The 
FTIR analysis of the prepared MNPs showed the typical spectrum of bare MNPs with the 
characteristic Fe–O absorption bands at 634.4 and 557.5 cm−1 [32] along with other bands around 
3422.7 cm-1 and 1634.9 cm-1, corresponding to the stretching and bending vibrations of the surface 
hydroxyl groups on the surface of the MNPs, respectively [33]. The prepared MNPs showed a 
surface charge (Zeta-potential) of –18±2 mV (Figure 1).  

a 
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Figure 1: a- Transmission electron microscopy image of MNPs prepared by thermal co-
precipitation method. b- FTIR spectrum of the functionalized MNP. c- Zeta-potential of the 
MNPs. 

b 

c 
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Figure S2: a. the total ion chromatogram of NEO; b. comparing the amount of NEO 
present in sample before and after extraction 
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Unmodified magnetic nanoparticles (MNPs) lack antibacterial potential. We investigated MNPs surface modifications that can
impart antibacterial activity. Six MNPs species were prepared and characterized. Their antibacterial and antibiofilm potentials,
surface affinity, and cytotoxicity were evaluated. Prepared MNPs were functionalized with citric acid, amine group, amino-propyl
trimethoxy silane (APTMS), arginine, or oleic acid (OA) to give hydrophilic and hydrophobic MNPs with surface charge ranging
from −30 to +30mV. Prepared MNPs were spherical in shape with an average size of 6–15 nm. Hydrophobic (OA-MNPs) and
positively charged MNPs (APTMS-MNPs) had significant concentration dependent antibacterial effect. OA-MNPs showed higher
inhibitory potential against S. aureus and E. coli (80%) than APTMS-MNPs (70%). Both particles exhibited surface affinity to
S. aureus and E. coli. Different concentrations of OA-MNPs decreased S. aureus and E. coli biofilm formation by 50–90%, while
APTMS-MNPs reduced it by 30–90%, respectively. Up to 90% of preformed biofilms of S. aureus and E. coliwere destroyed by OA-
MNPs and APTMS-MNPs. In conclusion, surface positivity and hydrophobicity enhance antibacterial and antibiofilm properties
of MNPs.

1. Introduction

Nanoparticles (NPs) are gaining attention as a new antimi-
crobial and antibiofilm approach. They may directly exhibit
antibacterial effect or be used as antibiotic carriers [1]. Metal
oxides NPs can be prepared easily and stand harsh condi-
tions such as high temperature during sterilization. Metal
oxide NPs are expected to overcome the organic molecule
drawbacks such as pollution, residence in tissues, high cost,
toxicity, and low stability.Theirmechanism of action includes
production of reactive oxygen species which damages cellular
structures, alteration ofmembrane permeability, interruption
of energy transduction, alteration of enzymatic activity, and
DNA replication [2].

Iron oxide magnetic nanoparticles (MNPs) have several
advantages due to their stability, low preparation cost, and

biocompatibility, as well as their manipulation by a magnetic
field [3]. MNPs types include hematite (𝛼-Fe

2
O
3
), magnetite

(Fe
3
O
4
), wüstite (FeO), and maghemite (𝛾-Fe

2
O
3
). The mag-

netite and maghemite types have proven biocompatibility.
Both types are produced by thermal coprecipitation method
[4, 5]. Magnetite Fe

3
O
4
(black) is produced under anaero-

bic conditions while maghemite 𝛾-Fe
2
O
3
is the magnetite

oxidation product (brown). MNPs range in size from few
to hundreds of nanometers [6]. They have many bioappli-
cations, such as magnetic bioseparation and detection of
biological entities, diagnostic applications as magnetic reso-
nance imaging, and therapeutic applications as targeted drug
delivery and biological labels [7].

MNPs are generally very reactive and tend to aggregate
quickly to decrease their surface energy which leads to alter-
ation in their size andmagnetic properties. Surface coating of
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Table 1: Antibacterial effects of MNPs with different surface groups.

Iron coating or functional
group

Surface charge
(mV) Hydrophobicity/hydrophilicity Bacterial strain tested Effect on bacteria Ref.

Iron functionalized with
Henna Extract “2-hydroxy-
1,4-naphthoquinone” and
Gardenia Leave Extract

— —
E. coli, S. enterica, P.
mirabilis, and S.

aureus
Inhibited growth [34]

∗OA-MNP −40 Hydrophobic S. aureus and P.
aeruginosa

(i) Inhibited growth

[35](ii) Showed
antibiofilm activity

Glycerol, MNPs — Hydrophilic P. aeruginosa, E.
faecalis Stimulated growth [36]

Extract of A. Mexicana,
MNPs — Hydrophilic E. coli, P. mirabilis,

and B. subtilis

Inhibited growth
[37]MNPs — Hydrophilic No effect

Chitosan-MNPs 61.8 Hydrophilic E. Coli Inhibited growth [38]
MNPs 43.7 Hydrophilic

S. aureus and S.
epidermidis

Inhibited growth

[39]
CES-MNPs −15.4 Hydrophilic Inhibited growth
APTES-MNPs 32.6 Hydrophilic Inhibited growth
PEG-MNPs −7.7 Amphiphilic No effect
MNP −32.2 Hydrophilic B. subtilis and E. coli No effect

[8]Chitosan-MNP +36.2 Hydrophilic Inhibited growth
Streptomycin-chitosan-
MNPs — Hydrophilic S. aureus Enhanced

antibacterial activity [40]

Ampicillin-chitosan-MNPs +14.4 Hydrophilic M. tuberculosis Enhanced
antibacterial activity [41]

PVA-MNPs −19 Amphiphilic S. aureus Inhibited growth [42]
Citric acid-MNPs −30 Hydrophilic M. smegmatis No effect [43]
Polyacrylic acid-MNPs −30 Hydrophilic M. smegmatis No effect [7]
∗The OA-IONPs showed more potent antibiofilm inhibitory activity against Gram-positive bacteria S. aureus as compared to Gram-negative bacteria P.
aeruginosa.

MNPs modulates their aggregation, stability, and dispersion
ability [4, 6].

Owing to their unique properties, several attempts were
performed to investigate the antibacterial and antibiofilm
potentials of MNPs. Previous studies showed that MNPs
exhibited insignificant or no antibacterial activity, while some
surface modifications were successful to impart antibacterial
potential (Table 1). Understanding the effect of surface modi-
fication ofMNPswill enable the optimum selection of surface
coating materials offering the greatest antibacterial activity
with the least toxicity.

Many bacterial strains produce slime which serves as a
matrix in which bacteria are embedded leading to the forma-
tion of bacterial biofilm. Bacterial adhesion is mediated by
electrostatic, dipole-dipole, H-bond, hydrophobic, and van
der Waals interactions [8]. Biofilms promote antibiotic tol-
erance by reducing antibiotic entry into the bacterial cells.
Bacteria in the biofilm can also grow slowly to adapt to
depletion of nutrient and accumulation of waste [9]. Bacterial
biofilm can adhere to surfaces or exist in flowing system like
water columns [10]. Bacterial infection which forms a biofilm
will be transformed from an acute to a chronic infection
which is difficult to eradicate. Eradicating bacteria in a
biofilm will require either mechanical removal or long time
combination of high doses of antibiotics [11]. NPs with

antibiofilm ability will greatly reduce the antibiotic use.
Antibacterial NPs having ability to reduce bacterial biofilm
formation can exert their function by preventing bacterial
adhesion to surfaces and increasing the bacterial cell expo-
sure to surrounding environment [9].

The present study aimed to compare the effect of hydro-
phobicity and surface charge modulation on the antibacterial
and antibiofilm potentials of MNPs. MNPs with different
surface fictionalizations that result in different surface charge
and hydrophobicity were synthesized and compared in terms
of antibacterial activity, inhibition of bacterial biofilm for-
mation, destruction of preformed biofilm, and their safety
to human cells. Comparison was performed against Gram-
positive S. aureus and Gram-negative E. coli. To the best of
our knowledge, this is the first attempt to compare the
effect of hydrophobicity and charge modification on MNPs’
antibacterial potential and antibiofilm formation ability.

2. Materials and Methods

2.1. Material and Instrumentation. FeCl
3
, FeSO

4
, ammonia

solution (25%), citric acid, and oleic acid were obtained from
Al-Gomhoreya forChemical Industries inCairo, Egypt. Argi-
nine (Arg) and amino-propyl trimethoxy silane (APTMS)
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were obtained from Sigma Aldrich (St. Louis, MO). Deion-
ized (DI) water was produced in house by a Milli-Q system
(Milford, Connecticut, USA). Mueller Hinton broth was
obtained from Sigma Aldrich. E. coli (ATCC-8739) and S.
aureus (ATCC-6538) strains and normal human epithelial
(WISH) cells (ATCC-CCL25) were generously provided by
VACSERA (Cairo, Egypt). Phosphate buffer saline (PBS) was
purchased fromBiowhittaker-Belgium. DynatechMicroplate
Reader (MR 5000Er, West Sussex, UK) and a Jenway 6850
Spectrometer (Staffordshire, UK) were used.

2.2. Methods of MNPs Synthesis

2.2.1. Synthesis of Magnetic Iron Nanoparticles (MNPs). Ther-
mal coprecipitation method was adopted for the prepa-
ration of MNPs using FeCl

3
, FeSO

4
, and 35% ammonia

solution (Figure 1). Briefly, 5.5 g of FeCl
3
and 2.75 g of

FeSO
4
were weighed and dissolved in DI water (1 L). The

solution was heated at 70∘C for 30min [12]. Five mL of
ammonia solution was added until a black precipitate was
formed (Magnetite Fe

3
O
4
). The reaction was continued for

additional 10min. Solution was evaporated to dryness in
rotavap to remove adsorbed ammonia. Residue was then
washed six times with DI water and surface charge was
measured until shifted to negative (−20mV) indicating com-
plete desorption of surface ammonia. The MNPs were then
dried in oven at 180∘C and grinded before use. The powder
turned into the brown maghemite (𝛾-Fe

2
O
3
) solid (supple-

mentary information 1, in Supplementary Material avail-
able online at https://doi.org/10.1155/2017/3528295). Prepared
MNPs (200mg) were weighed and suspended in 100mL DI
water. The X-ray diffraction (XRD) analysis (supplementary
materials 2) and transmission electron microscope (TEM)
imaging (Figure 2) of the prepared particles were performed.

2.2.2. Preparation of Oleic Acid (OA) Functionalized MNPs
(OA-MNPs). OA-MNPs were synthesized according to the
methods of [13, 14], with some modifications. Excess oleic
acid (OA) was added (3mL) to black magnetite particles
with stirring for 1 h at 70∘C. Two layers were formed: the
upper OA layer was separated in a separating funnel and
washed three times with DI water. MNPs were collected by
a magnet and then washed 6 times with ethanol to remove
excess OA. OA-MNPs were then tested for removal of
uncoated OA by FTIR in terms of absence of C=O peak of
OA indicating chemosorption of OA on MNPs (Figure 3(a))
[14, 15]. Chemosorption of OA was further verified by the
shift in zeta potential (Figure 3(b)) and the lack of dispersion
ability of particles in water (Supplementary material 3a and
b).OA-MNPswere air dried to remove excess alcohol grinded
and weighed (200mg). OA-MNPs were then mixed with
40 𝜇L of Tween 80 in a glass mortar and DI water was added
dropwise for the first 10mL and then portionwise until the
volume was completed to 100mL [13].

2.2.3. Preparation of Amine Coated MNPs (A-MNPs). The
black magnetite particles were extracted from their reaction
mixture after being left for aging at room temperature for 3 h
with the excess ammonia in closed condition. A-MNPs were

washed with acidified DI water and then with cold DI water
to remove excess ammonia and other inorganic components.
The particles were charge measured and FTIR scanned. A-
MNPs were then reconstituted in DI water (2mg/mL) [16].

2.2.4. Preparation of Citrate Coated MNPs (CA-MNPs). CA-
MNPs were prepared as described in [17, 18] with somemod-
ifications. Solution of citric acid was prepared by dissolving
38.4mg of citric acid in 1 L of DI water. The solution was
heated at 80∘C (Solution 1). FeCl

3
(5.5 g) and FeSO

4
(2.75 g)

were weighed and dissolved in DI water (1 L). The solution
was heated at 70∘C for 30min. Five mL of ammonia solution
was added until black precipitate is formed.The reaction was
continued for 10min (Solution 2). Solution 2 was added on
solution 1 dropwise with stirring. The mixture was heated
for 20min and washed with DI water. The resulting CA-
MNPs were air dried, grinded, and examined for FTIR and
zeta potential change. Finally, a suspension of 2mg/mL was
prepared for application [17].

2.2.5. Preparation ofMNPs Coated with Arginine (Arg-MNPs).
Unfunctionalized MNPs (100mg) were transferred into a
glass mortar and 20mg of arginine (Arg) was added followed
by 1mL HCl. The mixture was mixed using a pestle and
diluted with DI water (100mL) and then transferred into
a stoppered conical flask for 6 h reflux. Arg-MNPs were
separated using an externalmagnet andwashedwithDIwater
six times. Arg-MNPs were air dried followed by grinding. A
2mg/mL solution was prepared [19].

2.2.6. Preparation of Silane Coated MNPs (APTMS-MNPs).
Amino-propyl trimethoxy silane (APTMS) was used as a
functionalizing agent for MNPs. Two protocols were fol-
lowed. In the first protocol (cold synthesis method), 200mg
of MNPs was weighed and suspended in 3mL of DI water.
The suspension was sonicated for 30min for hydration and
ensuring homogeneity (I). The MNPs suspension was then
poured (100 𝜇L portions) on a glass vial containing 800 𝜇L
of APTMS placed on an ice path. The mixture was left
in ice bath for 3 h and then washed with DI water for
6 successive times. In the second method (hot synthesis
method), 200mg MNPs were suspended in 10mL of acetone
(I). APTMS (400 𝜇L) were mixed with 10mL of acetone (II).
Solutions I and II were mixed by sonication for 90min. The
contents were then transferred to a glass stoppered conical
flask and refluxed for 3 h followed by washing. From both
methods, 2mg/mL suspensions ofMNPswere prepared inDI
water. Zeta potential scanning was used to compare higher
potential change induced by APTMS using both methods
(supplementary information 4).

2.3. Antibacterial and Antibiofilm Activity of
Synthesized MNPs

2.3.1. Antibacterial Activity Screening. Antibacterial effect of
MNPs was examined against E. coli (ATCC-8739) and S.
aureus (ATCC-6538). MNPs were diluted in Mueller Hinton
broth to reach a final concentration of 100𝜇g/mL and
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Figure 1: Synthesis of magnetic nanoparticles (MNPs).
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Figure 2: TEM image ofMNPs prepared by thermal coprecipitation
method. Prepared MNPs had an average size of 6–16 nm and were
spherical in shape.

incubated with 18–20 h subcultured bacterial strains at 37∘C
on a shaker (200 rpm) for 24 h. At the end of the incubation
period, samples were obtained from each flask and 10-fold
serially diluted in sterile saline. One hundred 𝜇L of each
dilution as well as control was spread on the surface of 3
nutrient agar plates, incubated at 37∘C for 24 h, and the
average numbers of colony forming units (CFU/mL) were
counted [20]. MNPs species showing promising antibacterial
screening were imaged by scanning electron microscope
(SEM) to compare their surface morphology.

2.3.2. Effect of Concentration on the Antibacterial Activity of
MNPs. The OA-MNPs and APTMS-MNPs were prepared
in different dilutions (25–400 𝜇g/mL) and incubated with
subcultured bacteria. CFU/mL was counted on surface of
agar plates after 24 h incubation periods.

2.3.3. MNPs Inhibitory Potentials and Growth Kinetics. To
evaluate the inhibitory activity of MNPs as well as growth
kinetics on tested bacterial strains, culture turbidity was used
as a measure of bacterial growth. OA-MNPs and APTMS-
MNPs were double fold serially diluted in 96-well plate.
Positive control wells were double fold serially dilutedwithDI
water. All plates were inoculated with test bacteria as
10 𝜇L/well (105 CFU/mL) except for negative control wells
(blank); this was carried out to avoid interference caused by
light-scattering properties ofNP [21]. Plateswere incubated at
37∘C for 24 h with continuous shaking. Percentage inhibition
was calculated according to Sachidananda et al. as follows
[22]:

Percentage inhibition = [1 − (𝑎𝑏) × 100] . (1)

𝑎 is optical density of test bacteria with MNPs; 𝑏 is optical
density of positive control wells containingDIwater, bacteria,
and media.

MIC
50

is the lowest MNPs concentration that reduces
the bacterial growth by >50%. Optical density (OD) was

measured at 1, 2, 4, 6, and 24 h intervals using an ELISA plate
reader at 600 nm.

2.3.4. Surface Affinity of MNPs to Bacteria. OA-MNPs and
APTMS-MNPs were mixed with concentrated bacterial sus-
pension in DI water (OD of suspension = 1.2) to reach a final
concentration of 500𝜇g/mL.The suspension was prepared in
DI rather than broth to reduce the bacterial growth during
the experiment. However, all measurements were performed
against suspension control of the same age. The mixture of
MNPs and bacteria were allowed to interact together through
incubation on a shaker (200 rpm) for a predetermined period
of time. MNPs were collected using an external magnet. The
bacterial suspension was mixed to resuspend the bacterial
cells and samples were collected to measure their OD at
600 nm using spectrometer. The affinity was calculated from
the decrease in OD which occurred upon treating bacterial
suspension with MNPs relative to positive control bacteria
without MNPs. Optical densities obtained after collecting
MNPs alone with a magnet were considered as negative
control [23]. The collected MNPs were scanned by FTIR and
compared to control MNPs [24].

2.4. Antibiofilm Activity

2.4.1. Effect on Biofilm Formation. The effect of MNPs on
biofilm formation was carried out by allowing bacterial
strains to grow in presence of double fold serially diluted
MNPs (OA-MNPs and APTMS-MNPs) in 96 multiwell
plates. Plateswere incubated at 37∘C for 24 h.After incubation
period, contents of the plates were discarded and plates were
washed 3 times with PBS to remove unbound bacteria. Plates
were inoculated with 100 𝜇L/well crystal violet (0.15%) and
incubated at room temperature for 30min. Crystal violet
(CV) was discarded; plates were washed again 3 times with
phosphate buffer saline (PBS) and allowed to air dry com-
pletely. Biofilm formed in each well was resuspended in 97%
ethanol (200𝜇L/well) and incubated at room temperature for
10min. The solubilized biomass (150 𝜇L) was transferred to
sterile 96 well plates to be measured spectrophotometrically
at 590 nm. Data were presented as percentage inhibition in
biofilmgrowth in presence aswell as in absence ofMNPs [25].

2.4.2. Effect on Preformed Biofilm. In 96 multiwell plates,
100 𝜇L bacterial suspension (105 CFU/mL) was inoculated in
each well and incubated at 37∘C for 24 h to initiate biofilm
formation. After incubation period, plates were washed 3
times with sterile PBS to remove any unattached cells. Double
fold serially diluted MNPs (OA-MNPs and APTMS-MNPs)
were added in all wells except in negative control wells and
incubated at 37∘C for 24 h to evaluate the effect of MNPs on
preformed biofilms.MNPs were discarded and the remaining
biofilms were stained with CV as previously described [26].

2.5. Cytotoxicity Assay. Ninety-six well-plates were inocu-
lated with normal human epithelial (WISH) cells (ATCC-
CCL25) at 104 cells/well. On confluency, culture media were
discarded and plates were inoculatedwith double fold serially

169



Journal of Nanomaterials

MNPs

OA-MNPs
APTMS-MNPs

78.5
79.0
79.5
80.0
80.5
81.0
81.5
82.0
82.5
83.0
83.5
84.0
84.5
85.0
85.5
86.0
86.5
87.0

%
 tr

an
sm

itt
an

ce

3500 3000 2500 2000 1500 1000 5004000
Wavenumbers (cm−1)

(a)

Zeta potential distribution

0

2
3

1

4
5
6
7

To
ta

l c
ou

nt
s

0 100 200−100

Apparent zeta potential (mV)

×105

MNPs

OA-MNPs

APTMS-MNPs

(b)

MNPs

OA-MNPs

APTMS-MNPs

(c)

Figure 3: (a) FT-IR spectra of APTMS-MNP, OA-MNP, andMNPs. MNPs (10mg) were mixed and grinded with KBr to give a final weight of
0.12 g. The mixture was then pressed into a disc for analysis. Samples were FTIR scanned in the range from 400 to 4000 cm−1 at a resolution
of 4 cm−1. Each spectrum is an average of 32 scans. Data is presented as % transmittance. (b) Surface charge of APTMS-MNP, OA-MNP, and
MNP. (c) Scanning electron micrograph of MNP, OA-MNP, and APTMS-MNP.
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diluted MNPs (except negative control wells) and incubated
at 37∘C for 24 h. Residual living cells were treated with 20𝜇L
sterile 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) dye (5mg/mL) at 37∘C for 4 h. MTT was
discarded and plates were washed with PBS three times.
Aliquots of 50 𝜇L DMSO were added to each well. Plates
were left on plate shaker for 30min to allow dissolution of
the intracellular formed blue formazan complex. OD was
measured at 570 nm using an ELISA plate reader [27].
Viability percentage was calculated as follows [27]:

Cell viability percentage

= ( OD of treated cells
OD of untreated cells

) × 100. (2)

3. Results and Discussion

3.1. Results

3.1.1. Synthesis and Characterization of MNPs. MNPs were
prepared using thermal coprecipitation method [12, 28].
Results of XRD analysis shown in supplementary materials
(2) are in agreement with the typical pattern for 𝛾-Fe

2
O
3
as

initially predicted from the change of their color from black
to brown [29, 30]. Transmission electronmicroscope imaging
revealed that the size ofMNPwas 6–15 nm and that they were
spherical in shape (Figure 2). Functionalization of the MNPs
was performed to prepare hydrophobic MNPs and charge
modulated ones (ranging approximately from −30mV to
+30mV).

Six types ofMNPwere prepared (Figure 1).Three positive
charge shifted MNPs (A-MNPs, Arg-MNPs, and APTMS-
MNPs) and three negatively charged particles (MNPs, OA-
MNPs, and CA-MNPs) were prepared and their surface
charge was measured (Table 2). Figure 3 compares the FTIR
spectrum (a), the surface charge (b), and the scanning
electron micrograph of particles (c).

3.1.2. Antibacterial and Antibiofilm Potential of MNPs

(1) Antibacterial Activity

(a) Antibacterial Activity Screening. Synthesized MNPs
(100 𝜇g/mL) with different surface charge and functional
groups were examined for their antibacterial activities by
counting the number of bacterial colonies developed over the
surface of agar plates. The highest antibacterial effect was
observed for OA-MNPs and APTMS-MNPs. Hydrophobic
negatively charged OA-MNPs showed greater reduction in
the number of CFU/mL (61%, 54%) compared to that
obtained posttreatment with hydrophilic positively charged
APTMS-MNPs (43%, 35%) for S. aureus and E. coli, respec-
tively (Figure 4).

Investigation of the APTMS-MNPs and OA-MNPs
antibacterial potential using different concentrations (25–400
𝜇g/mL) revealed a concentration dependent reduction in the
CFU 24 h posttreatment (supplementary information 5). At

Table 2: Average zeta potential of prepared MNPs (𝑛 = 3).
Type of particles Zeta potential (mV)
MNPs −18 ± 3
CA-MNPs −31 ± 4
OA-MNPs −29 ± 4
Arg-MNPs −6 ± 2
A-MNPs −9 ± 3
ATPMS-MNPs 24 ± 5
Note. CA-MNP: citric acid modified MNP; OA-MNP: oleic acid modified
MNP; Arg-MNP: arginine modified MNP; A-MNP: amine modified MNP;
APTMS-MNP: amino-propyl trimethoxy silane MNP.
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Figure 4: Inhibitory potential of MNPs (MNPS, OA-MNPS, CA-
MNPs, Arg-MNPs, A-MNPs, and APTMS-MNPs) prepared as
100 𝜇g/mLon S. aureus andE. coli after 24 h treatment based onCFU
assay method. Bar chart represents the mean bacterial count × 108
after treatment by each MNP species (charge displayed in mV) as
compared to control.

a concentration of 400 𝜇g/mL, the OA-MNPs showed inhi-
bition of 83% and 79%, while the hydrophilic MNPs showed
inhibition of 73% and 72% for S. aureus and E. coli, respec-
tively (Figures 5(a) and 5(b)).

(b) Effect of MNPs on Bacterial Growth. Inhibitory activity
of MNPs was determined using microdilution method by
calculatingMIC

50
after 24 h treatment. Treating S. aureus and

E. coli with OA-MNPs resulted in an MIC
50

value of 31 and
63 𝜇g/mL, respectively. On the other hand, greater concentra-
tion of APTMS-MNPs (125 𝜇g/mL) showed 50% inhibition
towards both bacterial starins (Table 3). MIC

50
results indi-

cated that OA-MNPs and APTMS-MNPs exhibited a greater
inhibitory potential on S. aureus than that on E. coli (Table 3).

Analysis of growth kinetics reflects a significant time
and concentration dependent decrease in OD after OA-
MNPs andAPTMS-MNPs treatment and revealed the growth
inhibitory potentials of these particles on test bacteria (Fig-
ure 6).
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Table 3: Assessment of 50% minimum inhibitory concentrations (MIC
50
) of MNPs using microdilution method.

MNPs (𝜇g/mL)
% inhibition

S. aureus E. coli
OA-MNPs APTMS-MNPs OA-MNPs APTMS-MNPs

15.625 46 ± 2 13 ± 1 31 ± 1 9 ± 1
31.25 58 ± 2 22 ± 2 47 ± 2 20.0 ± 2
62.5 62 ± 2 37 ± 1 57 ± 2 34.0 ± 1
125 65 ± 2 54 ± 4 62 ± 2 51 ± 3
250 68 ± 3 58 ± 2 68 ± 2 60 ± 1
500 80 ± 4 64 ± 1 71 ± 3 68 ± 2
Note. OA-MNP: oleic acid modified MNP and APTMS-MNP: amino-propyl trimethoxy silane MNP.
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Figure 5: Quantification of bacterial cell number posttreatment with different concentrations of OA-MNPs and APTMS-MNPs in case of S.
aureus (a) and E. coli (b), respectively. Data revealed a concentration dependent reduction in bacterial count. Values were expressed as mean
percentage reduction in bacterial count ± standard deviation of three independent experiments.

(c) Surface Affinity of MNPs to Bacteria. After bacteria were
allowed to interact with MNPs, MNPs were collected using
an external magnet at varying time intervals (3–240min).
The reduction in OD as compared to initial OD of treated
bacterial suspension represents the bacterial cells bound to
MNPs.

MNPs bound to bacteria instantly (after 3min). The
period of interaction did not affect the binding capacity.
OA-MNPs showed the highest percentage reduction ranging
between 15%–46% and 30%–83% for S. aureus and E. coli,
respectively. Positively charged hydrophilic APTMS-MNPs
recorded a lower reduction percentage between 14%–32%and
12%–23% for S. aureus and E. coli, respectively (Figure 7).

The FTIR spectral difference between OA-MNPs before
and after attracting bacteria is shown (supplementary infor-
mation 6). Arrows indicate the position of the characteristic
peaks forE. coli and S. aureus, where (a) indicates polysaccha-
ride (900–1200 cm−1) and (b) indicates the band attributed
to primary amine (1640–1560 cm−1) [31] for E. coli. For S.
aureus, the peaks denoted by (c) and (d) may represent the
C=N and the C-H, respectively [32, 33].

(2) Effect on Biofilm Formation and Preformed Biofilm. Table 4
and Figure 8 display the percentage reduction in absorbance
of stained biofilm by CV assay after treatment of S. aureus
and E. coli with different concentrations of OA-MNPs and
APTMS-MNPs.

OA-MNPs (15.6–2000𝜇g/mL) reduced biofilm formation
by 62–94% and 48–96% for S. aureus and E. coli, respectively.
APTMS-MNP showed 30–91% and 34–74% reduction of the
ability of S. aureus and E. coli to form a bacterial biofilm,
respectively.

OA-MNPs (15.6–2000 𝜇g/mL) destroyed the preformed
biofilm by 29–94% for S. aureus and 17–93% for E. coli.
APTMS-MNPs (15.6–2000 𝜇g/mL) were able to destroy the
preformed biofilm by 19–89% and 9–77% for S. aureus and E.
coli, respectively.

The inhibitory potential of OA-MNPs and APTMS-
MNPs on the bacterial biofilm during its development
increased by increasing the concentration of MNPs. OA-
MNPs and APTMS-MNPs were able to destroy the pre-
formed biofilm. A higher inhibitory biofilm potential was
observed for OA-MNPs over APTMS-MNPs (Table 4).
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Figure 6: Growth kinetics of S. aureus (a and b) and E. coli (c and d) in absence and presence of different concentrations of OA-MNPs (a and
c) and APTMS-MNPs (b and d). Bacterial cells were exposed to different concentrations of theMNPs (15.625, 31.25, 62.5, 125, and 250 𝜇g/mL)
at different time intervals compared to untreated control cells. Independent triplicate experiments were carried out for each reaction; error
bar represents the standard deviation of mean.

3.1.3. Cytotoxicity Assay. The degree of cytotoxicity of MNPs
to normal human (WISH) cells was carried out using MTT
assay (Table 5). APTMS-MNPs had no cytotoxic effect up to
250 𝜇g/mL. The viability decreased to 85.2% at a concentra-
tion of 500 𝜇g/mL. Cell viability deceased from 100% to 52%
upon treatment with OA-MNPs concentrations between 62.5
and 1000 𝜇g/mL, respectively (Figure 9).

3.2. Discussion. There is a need to reduce the use of conven-
tional antibiotics and find alternatives to combat bacterial
infections and biofilms. The ability of bacteria to form a
biofilm reduces its vulnerability to antibiotics and compli-
cates eradication efforts. In this study, we have investigated
the influence of surface functionalization on the antibacterial
and antibiofilm properties of MNPs.

MNPs were synthesized by the classical thermal copre-
cipitation method using ammonia as the alkylating agent.

The prepared MNPs were spherical and of average size of
6–16 nm. The charge of the synthesized MNPs was −18mV
[8, 31].TheXRDanalysis (supplementarymaterials 2) showed
typical pattern for maghemite (𝛾-Fe

2
O
3
).

Surface functionalization of MNPs with citric acid was
successful to shift surface charge into a more negative poten-
tial (−31mV) [17]. Functionalizing MNPs with OA resulted
in an increase in negative potential to −29.2mV [35, 44]. To
synthesize positive charge shifted MNPs, Arg (amino acid)
induced a charge shift from −18 to −6mV [45–47]. Ammonia
adsorbed onMNPs’ surface was able to shift surface charge to
−9.6mV, while APTMS shifted surface charge of MNPs from
−18 to 24.5mV [23]. Hydrophobicity was induced on MNPs
by surface functionalization with OA.

The functionalization of the synthesized MNPs was
confirmed by FTIR scanning. The unfunctionalized MNPs
showed Fe-O characteristic absorption band at 634.4 and
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Table 4: (a) Effect (% reduction) of OA-MNP and ATMPS-MNP on preformed biofilm for S. aureus and E. coli. (b) Effect (% reduction) of
OA-MNP and ATMPS-MNP on biofilm formation for S. aureus and E. coli.

(a)

MNPs (𝜇g/mL) OA-MNPs/S. aureus APTMS-MNPs/S. aureus OA-MNPs/E. coli APTMS-MNPs/E. coli
15.625 29 19 17 9
31.25 53 24 33 15
62.5 70 41 45 39
125 76 52 55 45
250 79 60 62 58
500 80 72 70 64
1000 86 74 79 72
2000 94 89 93 77

(b)

MNPs (𝜇g/mL) OA-MNPs/S. aureus APTMS-MNPs/S. aureus OA-MNPs/E. coli APTMS-MNPs/E. coli
15.625 62 30 48 34
31.25 67 33 64 35
62.5 86 43 67 38
125 86 50 81 39
250 90 74 87 44
500 92 79 92 51
1000 93 86 93 69
2000 94 91 96 74
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Figure 7: Surface affinity of MNPs to S. aureus and E. coli
postexposure at different time intervals. MNPs were collected with
external magnet and optical density of the remaining solution was
measured spectrophotometrically. Data was recorded as percentage
reduction in optical density at time interval of three independent
tests.

557.5 cm−1 [48]. Two other bands around 3422.7 cm−1 and
1634.9 cm−1 correspond to stretching and bending vibrations
of surface hydroxyl groups on surface of MNPs [49]. OA-
MNPs showed OA coating characteristic bands at 2923.8 and
2852.9 cm−1 which correspond to CH

3
stretching. The C=O

appeared as a peak at 1638 cm−1 and at 1618.3 cm−1 which
supports the formation of a chelating bidentate interaction

Table 5: Cytotoxicity of APTMS-MNPs and OA-MNPs against
WISH cells.

MNPs (𝜇g/mL) Average % cell viability
OA-MNPs APTMS-MNPs

62.5 100 100
125 100 100
250 80 100
500 74 85
1000 52 64

between the COO− and the MNPs which resulted in the
blue shift of the original C=O peak of OA which appears
at 1731 cm−1. Harris et al. also reported the COO− of OA
to appear as a broad band between 1541 and 1639 cm−1 and
concluded that the bonding pattern of the carboxylic acids
on the surface of the NP was at an angle to the surface [50].

A-MNPs showed an amine peak between 3410 and
3457 cm−1. CA-MNPs showed a peak at 2958.5 cm−1 which
corresponds to CH

2
stretching. The C=O of citric acid

appeared at 1638 cm−1 [51]. Arg-MNPs showed amine peak
between 3410 and 3450 cm−1, a C=O peak at 1634.9 cm−1, and
a CH
2
stretching band at 2923.2 cm−1 [52]. APTMS-MNPs

were characterized by the CH
2
stretching which appeared at

2920.8 and 2851.3 cm−1, N-H bending appeared at 1631 cm−1,
C-N bending appeared at 1384 cm−1, and absorption bands in
the region 1000–1227 cm−1 can be due to Si-O-Si and Si-OH
[53]. FTIR spectra of the synthesized MNPs agree with those
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Figure 8: (a) Effect of MNPs on biofilm formation of S. aureus and E. coli after 24 h of growth in the presence of variable concentrations
of OA-MNPs and APTMS-MNPs. Values were represented as average percentage biofilm inhibition of independent triplicates as indicated
by CV assay. (b) Effects of MNPs on preformed biofilm. S. aureus and E. coli were allowed to form biofilm and then treated with different
concentrations of OA-MNPs and APTMS-MNPs. Amount of the remaining biofilm was determined using crystal violet assay method of
three independent tests as indicated by CV assay.
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Figure 9: Cytotoxicity of OA-MNPs and APTMS-MNPs to human
normal cells (WISH cells) using MTT assay 24 h posttreatment.
The assay was based on the amount of active lactate dehydrogenase
released from residual viable cells. Recorded values were the mean
of independent triplicates ± standard deviation.

obtained in previous reports indicating successful fictional-
ization of the preparedMNPs. A proposed mechanism of the
synthesis for the six species of MNPs is shown in Figure 1.

MNPs showed insignificant antibacterial activity [8, 37,
39]. Two physicochemical attributes were compared, namely,
the surface charge and the hydrophobicity of the MNPs.
This was done in the initial antibacterial screening experi-
ment performed by counting the colony forming units. To

test the effect of hydrophobicity, the effect of OA-MNPs
(negatively charged hydrophobic species) was compared to
that of other negatively charged hydrophilic species (MNP
and CA-MNPs). The bacterial count was reduced in case of
treatment with OA-MNPs, while it did not upon treatment
with other negatively charged hydrophilic MNPs. Particle
hydrophobicity may, therefore, play a role in facilitating the
interaction between bacterial cells and MNPs.

In case of hydrophilic particles, increasing the posi-
tive charge appears to induce the antibacterial potential of
particles. Hydrophilic negatively charged particles showed
insignificant antibacterial activity, while modulation of sur-
face functional group to impart a strong positive charge (e.g.,
ATPMS-MNPs; 24.5mV) enhanced the antibacterial activity
[8, 54, 55]. This indicated that surface positivity imparts
antibacterial potential on the particles. Both conclusionsmay
be justified by the fact that bacterial cells have a net negative
charge on their cell wall and are relatively hydrophobic [56]. It
was observed that hydrophobicity played a stronger role than
charge modulation in the antibacterial potential of MNPs.

Growth kinetic analysis revealed a significant time and
concentration dependent growth inhibitory potentials of
both OA-MNPs and APTMS-MNPs on the tested bacterial
strains.

The initial interaction of MNPs and bacteria is crucial
for the NPs to exert their function as it is highly affected
by surface affinity. The MNPs were mixed with bacterial
suspension andwere subsequently removed from the suspen-
sion by an external magnet. The number of bacterial cells
per mL of suspension was reduced as compared to original
OD. The reduction was observed directly after removing the
MNPs (within 3min). This time is dramatically less than the
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duplication time of most bacteria noting that the duplication
times are 15–20min for E. coli and 27–30min for S. aureus
[57]. Thus, OD reduction is due to reduction in bacterial
count due to binding of bacteria to the removed MNPs. This
result supports previous reports showing strong affinity of
positively charged MNPs to bacterial pathogens due to
electrostatic attraction [23]. In addition, results of this study
indicate that bacteria had a higher affinity to hydrophobic
MNPs than hydrophilic ones. For additional confirmation,
the OA-MNP was FTIR scanned before and after contacting
bacteria. The difference in OA-MNP FTIR spectra represents
the deposited bacteria [31–33].

Combating biofilmmay be done by surface coating with a
material that repels the bacterial cells preventing their
attachment [58] or more effectively by inclusion of an agent
which prevents biofilm formation. In the latter, the biofilm
formation is reduced even in flowing system in addition to
preventing its attachment to surfaces. The ability of MNPs to
destroy preformed biofilm and inhibit new biofilm formation
can reduce the need to use antibiotics [59]. Additionally,
MNPs can simply be recovered from the medium.

Various modified NPs with antibiofilm activity such as
gold NPs loaded with gentamycin [60], silver NPs surface
treated with Allophylus cobbe extract [61], and copper oxide
NPs [62] were reported. The effect of MNPs on preformed
biofilm was previously described for OA-MNPs; however,
its ability to inhibit new biofilm formation was not investi-
gated [35]. Successful inhibition of biofilm development was
reported using MNPs surface treated with polyvinylpyrroli-
done and a thiourea derivative but this method included
the use of an antibacterial agent [36]. Although MNPs with
lactobacillus fermentation extract were also shown to have
antibiofilm formation ability, it was shown to induce E.
coli growth [55]. On the other hand, a weak effect against
preformed biofilm was observed for glycerol coated MNPs
[36].

In the current study, OA-MNPs (hydrophobic) and
APTMS-MNPs (hydrophilic) showed a promising effect on
the bacterial biofilm especially in the initial stages of biofilm
development. OA-MNPs showed a stronger antibiofilm activ-
ity than the APTMS-MNPs. Our results indicated that the
biofilm formed by the Gram-negative E. coli was more
resistant than that formed by the Gram-positive S. aureus.

The electrostatic properties as well as hydrophobicity of
both NPs and biofilms influence how they interact, taking in
consideration that the majority of bacteria have negatively
charged and hydrophobic biofilm matrixes which explains
the antibiofilm ability of APTMS-MNPs and OA-MNPs [63–
65]. The higher suitability of S. aureus biofilm may be
explained by its reported less negative charge than that of E.
coli which may facilitate its interaction with the negatively
charged OA-MNPs [35].

APTMS-MNP and OA-MNPs were safe toWISH cells up
to 250 and 125 𝜇g/mL, respectively. At these concentrations,
APTMS-MNPs were able to destroy preformed biofilm by
60% and 58% for S. aureus and E. coli, respectively. OA-
MNPs destroyed preformed biofilms by 76% and 55% for
S. aureus and E. coli, respectively. APTMS-MNPs and OA-
MNPs were also able to reduce biofilm formation by 74% and

86% for S. aureus and 44% and 81% for E. coli, respectively.
Higher concentrations resulted in more effective eradication
and prevention of biofilms but showed cytotoxicity which
should not be a concern if MNPs are used to treat surfaces.

4. Conclusions

In this study, MNPs were prepared and their surface proper-
ties were successfully modified by functionalization with dif-
ferent chemical groups. The resulting particles had different
hydrophobicity and surface charge.

Our results demonstrated that surface functional groups
that induce positive charge or impart hydrophobicity could
potentiate the antibacterial and antibiofilm activities of
MNPs, possibly by changing the interaction at the NPs
bacteria interface.

Surface modified MNPs can reduce bacterial growth.
They can also reduce the ability of bacteria to form biofilms
and subsequently weakens bacteria and inhibit their attach-
ment to surfaces.

In our study, we also showed that both hydrophobic
and positive charged MNPs do not only reduce the biofilm
formation but also can destroy the preformed biofilms and
thus crack the bacterial protecting matrix.

We demonstrated the surface affinity of hydrophobic
and positively charged MNPs to bacterial cells and their
ability to capture bacteria from liquid system and subsequent
collection and manipulation by an external magnet. The
capturing efficiency of hydrophobic positively chargedMNPs
can be optimized as bacterial filters or antibacterial coating
materials with possibility of regeneration. OA-MNPs have
a superior efficiency over APTMS-MNPs because they will
not retain flowing salts or electrolytes through electrostatic
interactions.

Surface modified MNPs showed promising antibiofilm
potential in the safe concentration range formammalian cells.
Higher concentrations showed higher antibiofilm effects
but increased cytotoxicity. This should not be a concern for
applications involving treating surfaces due to the possibility
of recovering MNPs using a magnet. However, it should be
taken into consideration when designing MNP-based
antibiofilm solutions for other applications.

From this study, we conclude that modifying MNPs sur-
face represents a promising antibacterial and antibiofilm
approach. As shown in this study, the synthesis of MNPs is
easy, cheap, and a relatively simple procedure which can be
performed using basic laboratory equipment. Their surface
functionalization is feasible and can provide a variety of
particles with adjustable physicochemical properties.

In conclusion, MNP surface properties can be tailored
to fit hydrophobic and hydrophilic systems and achieve the
required antibacterial and antibiofilm activity.
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Supplementary Information 

Supplementary information 1. Change in color of MNPs as induced by changing their status from magnetite (a) to meghemite 
(b).  

Supplementary information 2. XRD data of the prepared MNPs 

Position (2θ) Å(2θ)
30.29 2.957
35.72 2.518
43.38 2.091
57.45 1.605
63.07 1.474
*D value: inter-atomic spacing in Angstroms (Å)

*XRD was recorded at a Cu Kα anode (λ = 0.1542 nm) operating at 40 kV and 30 mA. The pattern was collected at 25 °C in range 5 – 70°
with a step size of 0.03° and step time of 1 s.
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Supplementary information 3.

Supplementary information 3. (a) OA-MNP (after washing with water and before wash with ethanol) showing OA-NP not 
dispersed in water instead floating on water surface. (b) After successive washing with ethanol to remove excess OA from surface 
of MNPs; OA-MNP are still floating and unable to disperse.  

Supplementary information 4. 

Supplementary information 4. Evaluation of the APTMS- MNP method was performed by comparing the Zeta potential shift 
imparted on the MNP. (a) Charge on surface of MNPs by the cold synthesis method (+25 mV). (b) Surface charge of particles
prepared by the hot synthesis method (-11 mV).  The cold synthesis method was more efficient to coat the MNPs with a surface 
positive charge.  
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Supplementary information 5 

Supplementarry information 5. Growth Inhibitory effect of MNPs on test bacteria 24 h post incubation with variable 
concentrations of MNPs. Subculture S.aureus (ATCC-6538) and E.coli (ATCC-8739) were incubated with varying 
concentrations of APTMS-MNP and OA-MNP for 24 h at 37°C on a shaker (200 rpm) for 24 h. At the end of the incubation 
period, samples were obtained from each flask and 10 fold serially diluted in sterile saline. One hundred μL of each dilution as 
well as control were spread on the surface of 3 nutrient agar plates, incubated at 37°C for 24 h and the average numbers of colony 
forming units (CFU/mL) were counted. (a) and (c) show the effect of APTMS-MNP on S. aureus and E. coli. (b) and (d) show 
the effect of OA-MNP on S. aureus and E. coli. 

Supplementary information 6. 

Supplementary information 6. FTIR spectrum of control OA-MNPs before and after contact with S. aureus and E. coli. For E. 
coli (a) indicates the polysaccharide (900 -1200 cm-1) and (b) indicates the band attributed to primary amine (1640 – 1560 cm-1)
[31] . For S. aureus, the peaks denoted by (c) and (d) represent the C=N and the C-H, respectively [32, 33].
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Supplementary information 7. 

Supplementary information 7. FTIR spectra of MNPs which did not show significant antibacterial potentials. (*) 
represent characterizing band. 
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Chapter 8

Synthesis	of	magnetic	iron	oxide	nanoparticles	using	pulp	and	seed	
aqueous	extract	of	Citrullus	colocynth	and	evaluation	of	their	
antimicrobial	activity	

Abstract 
Introduction and Aim: Citrullus colocynth (CTC) is a wild medicinal plant with proven 
antimicrobial activity. The aim of this study is to investigate the use of its aqueous extract in 
producing magnetic iron-oxide nanoparticles (MNPs) with improved antimicrobial activity.  

Methods: The CTC seed and pulp extracts were used to produce MNPs. The particles were 
characterized by transmission electron microscope; energy dispersion x-ray, FTIR and their 
surface charge were measured. The antimicrobial activity of the produced particles were assessed 
against 2 Gram positive (Bacillus subtilis and Staphylococcus aureus) and 2 Gram negative 
(Escherichia coli & Pseudomonas aeruginosa) bacteria as well as against Candida albicans. 

Results: MNPs synthesized from cold seed extract (S-MNP) and pulp extract (P-MNP) were 
spherical in shape. Both particles showed comparable anti-microbial potential against the tested 
micro-organisms. At a concentration range 1 mg/mL – 480 ng/mL, S-MNP inhibited bacterial 
growth by 99 - 16 % and 91 – 10 % while P-MNP inhibition was 100– 11 % and 99 – 11 % for 
Gram positive and negative bacteria, respectively. Candida albicans was the least affected 
microorganism with maximum inhibition of 88 and 63 % after treatment with S-MNP and P-MNP, 
respectively.  

Conclusions: In conclusion, the aqueous extract of CTC can be used for synthesis of MNPs with 
antimicrobial activity. The described procedures are simple and can be modified for large scale 
green production of MNPs.  

Keywords: Magnetic nanoparticles; Antibacterial Activity; Green Synthesis 

187



Chapter 8

Introduction	
Citrullus colocynth (CTC) is native to dry areas in Morocco, Algeria, Egypt and Saudi Arabia. In 
some regions, the plant me be wildly grown while in others it is cultivated due to its profound 
medicinal use in folk medicine [1].   

The uses of CTC in folk medicine[1] include treatment of gastrointestinal disorders, joint pain, 
wound healing, asthma and bronchitis due to its anti-inflammatory effects [2]. CTC was also used 
as anti-microbial agents [3].  Other reports indicate its use in diabetes [4],  cough, jaundice, 
toothache, cancer,  and mastitis [5]. The most commonly used parts of the plant are the fruit pulp 
and seeds [1]. It is worth pointing out that special attention is now paid towards the seeds as an 
alternative source of vegetable oil with nutritional and medicinal value [6, 7]. 

The increasing microbial resistance to traditional antibiotics and the reduction in the number of 
newly synthesized molecules led to active search for new techniques to combat microbes [8]. Plant 
extracts have been traditionally used as antimicrobial agents [3]. On the other hand metal oxide 
nanoparticles are gaining interest as alternative antimicrobial agents due to their easy and low cost 
of customized synthesis [9]. 

Magnetic iron oxide nanoparticles (MNPs) are very attractive in this respect due to the magnetic 
property which enables their easy collection after use. This may reduce the environmental hazard 
from exposure to nanoparticles [10]. Although MNPs have insignificant antimicrobial activity on 
their own [11], surface modification may enhance their antibacterial potential. This can be done 
via chemical reactions to change the surface charge or alter it hydrophobicity [12]. Alternatively 
conjugating the particles with an antimicrobial agent many be performed [13, 14]. All these 
procedures can be expensive, energy and chemicals consuming. Green synthesis of MNPs using 
plant extract can modify their antimicrobial potentials while enabling low cost and ecofriendly 
MNP synthesis.  

The aqueous extracts of CTC seeds and fruits have remarkable reducing potential [15, 16]. Thus 
they were previously recruited for the synthesis of silver nanoparticles [17-19] and more recently 
for the production of zinc oxide nanoparticles[20].  

In this study, CTC pulp and seed aqueous extract were used to prepare magnetic iron oxide 
nanoparticles (MNPs) with improved antimicrobial activity. Attention was paid to preserve the oil 
content in the seeds to maximize the benefit from the plant via adoption of simple cold aqueous 
extraction procedures. The anti-microbial potential of MNPs produced by seed and pulp extracts 
were investigated and compared.  
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Materials	and	methods	

Chemicals	and	instruments	
FeCl3, FeSO4 and ammonia solution (25%) were purchased from Al-Gomhoreya for Chemical 
Industries (Cairo, Egypt). De-ionized (DI) water was prepared using a Milli-Q system (Milford, 
Connecticut, USA). Mueller Hinton broth was obtained from Sigma Aldrich. Escherichia coli, 
Staphylococcus aureus, Bacillus subtilis, Pseudomonas aeruginosa and Candida albicans strains 
were generously provided by VACSERA (Cairo, Egypt). Dynatech Microplate Reader (MR 
5000Er, West Sussex, UK) was used. 

Synthesis	and	characterization	of	MNPs	
About 10 unripe fruits of CTC were collected in September month from Al Madina Al 
Munawwarah, Saudi Arabia. The fruits were first washed with tap water and then distilled water 
followed air drying and after that seeds and pulp (mesocarp) were collected. About 20 g of seeds 
were dried in hot oven at 70oC and then ground into fine powder. Five grams of powder were then 
suspended into 100 mL of DI water and left over night with continuous stirring. The aqueous 
mixture was filtered through a Whatman filter paper. The clear filtrate was then stored at 4oC and 
used for biosynthesis of MNP.  

For biosynthesis of S-MNP using seed extract, about 50 mL of aqueous seed extract was mixed 
with an equal volume of 0.5 M FeCl3 solution to prepare S-MNP. Similarly, for the preparation of 
P-MNP by using pulp (P) extract, 10 g of cleaned pulp were first cut into small pieces and then 
boiled in 250 mL of distilled water for 20 – 25 min. The aqueous pulp extract was then filtered 
through Whatman filter paper and then the collected. Aqueous pulp extract was stored at 4oC. For 
the biosynthesis of pulp MNPs (P-MNP), 50 ml aqueous pulp extract were mixed with equal 
volume 0.5 M FeCl3 with continuous stirring for 1 h. The appearance of brown color indicated the 
formation of MNPs (Figure 1). 

S-MNPs and P-MNPs were collected by a magnet and thoroughly washed with DI water. The 
elemental composition of the collected particles was assessed by scanning electron microscope 
coupled energy dispersion x-ray (SEM-EDAX).  

S-MNP and P-MNP were FTIR scanned and their surface charge was measured and compared to 
those of MNPs prepared by thermal co-precipitation method. The shape and size of the particles 
were evaluated by transmission electron microscope (TEM) and the selected area electron 
diffraction was observed.  
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Figure 1: Synthesis of S-MNPs and P-MNPs 

Assessment	of	anti‐bacterial	and	anti‐candida	effects	of	MNPs		
Two Gram negative bacteria (Escherichia coli & Pseudomonas aeruginosa), two Gram positive 
bacteria (Bacillus subtilis and Staphylococcus aureus), and Candida albicans were treated with 
the prepared MNPs. Prepared MNPs were weighed and re-dispersed in DI water to a final 
concentration of (1 mg/mL) followed by gas sterilization using ethylene oxide. Sterile S-MNPs 
and P-MNPs were serially diluted in a 96-well plate. Positive control wells contained DI water 
instead of MNPs. All plates were inoculated with test microorganism as 10 µL/well (106 CFU/mL) 
except negative control wells (blank). This was carried out to avoid interference caused by light-
scattering properties of nanoparticles. Plates were incubated at 37°C for 24 h with continuous 
shaking (180 rpm). Culture turbidity was measured at 600 nm and used as an indicator of bacterial 
growth.  
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Results	and	Discussion	

Green	synthesis	and	characterization	of	MNPs	
MNPs were successfully synthesized by using the CTC aqueous extract. A cold aqueous extraction 
method was adopted for the CTC seeds. This is to ensure the extraction of the aqueous components 
and prevent any possible damage to the seed oil content. On mixing the cold extract with FeCl3,

brown particles were rapidly formed which were responsive to manipulation by external magnet 
(S-MNP). The pulp part was extracted in a similar manner; however, the extraction was performed 
at 100oC and used to produce P-MNPs.  

The EDAX result of the synthesized particles showed three iron peaks. The 0.7 keV is assigned to 
FeLα, while two peaks at 6.4 and 7.1 keV are corresponding to FeKα and FeKβ, respectively [21]. 
These results confirm the formation of iron oxide nanoparticles according to [22].  

The green synthesized S-MNPs were spherical in shape and of size ranging from 6 – 15 nm as 
shown in their TEM image (Figure 2). The high resolution TEM show the crystal lattice of the 
particles and the selected area electron diffraction pattern revealed their highly polycrystalline 
nature (Figure 2). The particles were positively charged and had an average charge of +10 mV as 
revealed by the zeta potential measurement (Figure 3).  

On the other hand P-MNPs were spherical in shape however the size distribution was broader (12 
– 45 nm) than that of S-MNPs. They had a polycrystalline structure as evident from the discreet
spots on the selected area electron diffraction pattern (Figure 2). P-MNPs had average surface
potential of +21 mV (Figure 3).

The FTIR spectra of S-MNP and P-MNP were close to that of bare MNPs prepared by thermal 
precipitation method except at the region from 1000 to 1200 cm-1 (Figure 4). All particles showed 
Fe–O characteristic absorption bands at 621.4 and 574.2 cm−1 [23]. Two other common bands 
appeared around 3424.5 cm-1 and 1631.2 cm-1. These bands correspond to stretching and bending 
vibrations of surface hydroxyl groups [24]. A similar pattern of the band between 1000 – 1200 
cm-1 was previously reported for CTC extract and was attributed to tetraterpenes [25]. These bands
may correspond to C-O or C-N stretching vibration [26].
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Figure 2a: TEM image of S-MNP. a) Spherical shape of S-MPS with size ranging from 6 – 
12 nm. c) High resolution TEM image of S-MNP revealing their crystal lattice. c) Selected 

area electron diffraction of S-MNPs with discreet spots showing their polycrystalline 
nature. 

Figure 2b:TEM image of P-MNP. a) Spherical shape of S-MPS with size ranging from 12 – 
45 nm. c) High resolution TEM image of P-MNP revealing the crystal lattice. c) Selected 

area electron diffraction of P-MNPs with discreet spots showing their polycrystalline 
nature. 
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Figure 3: Surface charge of MNPs (a), P-MNPs (b) and S-MNP (c) prepared by thermal co-
precipitation. 

Figure 4: FTIR spectra of S-MNPs and P-MNPs as compared to MNPs prepared by 
thermal co-precipitation.  

Evaluation	of	anti‐microbial	potential	
Five common microorganisms were tested in this study Escherichia coli, Pseudomonas 
aeruginosa, Bacillus subtilis, Staphylococcus aureus and Candida albicans.   Escherichia coli and 
Staphylococcus aureus are widely reported as irrigation and drinking water contaminant which 
may cause disease in animals and human [27, 28]. Staphylococcus aureus and Pseudomonas 
aeruginosa are opportunistic organisms that are commonly reported in healthcare settings causing 
nosocomial infection [29, 30] [31]. Bacillus subtilis is a spore forming strain which allows bacteria 
to spread even under extreme conditions of heat and desiccation. Multi-drug resistant isolates of 
Bacillus subtilis were reported [32]. Additionally nosocomial infection with Bacillus subtilis was 
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previously reported [33] Similarly Candida albicans is a highly adaptable organism which may 
cause serious disease to human and animals [34].   On testing the inhibitory potentials of S-MNP 
and P-MNP on the five microorganisms, a dose dependent inhibition was observed (Figure 5 a and 
b).  

Results revealed that S-MNP was more effective against gram positive bacteria as compared to 
gram negative and candida species. More than 95% inhibition in growth of Gram positive bacteria 
was observed after treatment with 1 mg/mL concentration of S-MNP. Treatment with the same 
concentration resulted in lower efficacy (89 and 91 % inhibition) in Escherichia coli, 
Pseudomonas aeruginosa. The percent inhibition in Candida albicans was 88 %. 

The inhibitory potential of S-MNP ranged from 99 to 16% in Gram positive bacterial on using a 
concentration range from 1 mg/mL – 480 ng/mL. The inhibitory potential of the same 
concentration range varied from 91 to 10 % in Gram negative bacteria. The data reveal that 
Pseudomonas aeruginosa proliferation was least affected by S-MNP (Table 1).  

Figure 5a: Antibacterial effect of S-MNP (1 mg/mL – 480 ng/mL) against Escherichia coli, 
Pseudomonas aeruginosa, Bacillus subtilis and Staphylococcus aureus, and Candida 

albicans. 
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Figure 5b: Antibacterial effects of P-MNP (1 mg/mL – 480 ng/mL) against Escherichia coli, 
Pseudomonas aeruginosa, Bacillus subtilis and Staphylococcus aureus, and Candida 

albicans. 

P-MNP was more effective against gram negative bacteria (with Escherichia coli the most
susceptible organism) than Gram positive ones. This correlates with previous report which
revealed that Gram negative bacteria are more sensitive to aqueous pulp extract of CTC than Gram
positive one [3, 35].  The maximum inhibition of P-MNP on candida albicans was 63% (Table 2).
Candida albicans was least affected by all synthesized particles.

Conclusions	
MNPs were successfully synthesized using pulp and seed extract of CTC.   Prepared particles had 
size and shape close to MNPs prepared by thermal co-precipitation method. The reported green 
synthesis procedure is eco-friendly and can be easily scaled up.  

Prepared particles using seed and pulp extracts exhibited comparable anti-microbial potential 
against a panel of Gram positive and negative bacteria as well as candida albicans. They showed 
a concentration dependent growth inhibition potential.  

The procedures adopted for synthesis of S-MNP can preserve the oil content of the seeds (which 
are now potentially investigated as an alternative source of vegetable oil [6, 7] where seeds were 
only subject for cold aqueous extraction. Adoption of such technique in mass production increases 
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the benefit from plant where it permits using the same plant part for production of MNPs as well 
as retaining its value as a source of vegetable and medicinal oil can be done. Future research may 
compare the oil yield on aqueous extracted and un-extracted seeds.  

In conclusion, the adopted or developed procedures enabled production of dispersed anti-
microbial iron oxide nanoparticles which exhibit strong antimicrobial activities against Gram 
positive and negative bacteria and moderate inhibitory effect against Candida albicans. 

 

Table 1: Inhibition of microorganism growth after treatment with S-MNP 

  Concentration (µg/mL) 
1000 500 250 125 63 31 16 8 4 2 1 0 

%
 g

ro
w

th
 in

hi
bi

ti
on

 

Gram 
positive 
bacteria 

Staphylococcus 
aureus 

96 100 88 60 52 54 43 43 37 28 28 21 

Bacillus 
subtilis 

99 83 75 64 55 52 44 34 23 26 20 16 

Gram 
negative 
bacteria 

Escherichia 
coli 

89 66 57 49 51 48 33 32 29 26 19 15 

Pseudomonas 
aeruginosa 

91 80 33 35 32 22 19 16 12 13 10 10 

Candida 
Candida 
albicans 

87 77 69 49 33 32 32 24 24 21 21 16 

 

Table 2: Inhibition of microorganism growth after treatment with P-MNP 

  Concentration (µg/mL) 
1000 500 250 125 63 31 16 8 4 2 1 0 

%
 g

ro
w

th
 in

hi
bi

ti
on

 

Gram 
positive 
bacteria 

Staphylococcus 
aureus 

94 65 42 38 31 23 17 10 12 11 12 12 

Bacillus 
subtilis 

100 63 57 50 32 24 21 16 17 12 12 11 

Gram 
negative 
bacteria 

Escherichia 
coli 

99 79 72 70 58 39 23 20 21 15 14 14 

Pseudomonas 
aeruginosa 

95 76 65 66 36 32 22 17 11 12 10 11 

Candida 
Candida 
albicans 

63 40 39 38 36 24 29 12 13 8 9 12 

 

 

  

196



Chapter 8

References 
1. Rahimi, R., G. Amin, and M. Ardekani, A Review on Citrullus colocynthis Schrad.: From Traditional Iranian

Medicine to Modern Phytotherapy. Vol. 18. 2012. 551‐4.

2. Daoudi,  A.,  L.  Aarab,  and  E.  Abdel‐Sattar,  Screening  of  immunomodulatory  activity  of  total  and  protein

extracts of some Moroccan medicinal plants. Toxicology and industrial health, 2013. 29(3): p. 245‐253.

3. Marzouk, B., et al., Antibacterial and anticandidal screening of Tunisian Citrullus colocynthis Schrad. from

Medenine. Journal of ethnopharmacology, 2009. 125(2): p. 344‐349.

4. Barghamdi, B., et al., Therapeutic effects of Citrullus colocynthis  fruit  in patients with type  II diabetes: A

clinical trial study. Journal of Pharmacy & Bioallied Sciences, 2016. 8(2): p. 130‐134.

5. Hajjar, D., et al., Anti‐cancer agents in Saudi Arabian herbals revealed by automated high‐content imaging.

PloS one, 2017. 12(6): p. e0177316.

6. Oresanya, M.O., et al., Extraction and Characterisation of Citrullus colocynthis seed oil. Nigerian Journal of

Natural Products and Medicine, 2000. 4(1): p. 76‐78.

7. Nehdi, I.A., et al., Evaluation and characterisation of Citrullus colocynthis (L.) Schrad seed oil: Comparison

with Helianthus annuus (sunflower) seed oil. Food Chemistry, 2013. 136(2): p. 348‐353.

8. Ventola, C.L., The Antibiotic Resistance Crisis: Part 1: Causes and Threats. Pharmacy and Therapeutics, 2015.

40(4): p. 277‐283.

9. Stankic, S., et al., Pure and multi metal oxide nanoparticles: synthesis, antibacterial and cytotoxic properties.

Journal of nanobiotechnology, 2016. 14(1): p. 73.

10. Ray, P.C., H. Yu, and P.P. Fu, Toxicity and Environmental Risks of Nanomaterials: Challenges and Future

Needs. Journal of environmental science and health. Part C, Environmental carcinogenesis & ecotoxicology reviews,

2009. 27(1): p. 1‐35.

11. Arakha, M., et al., Antimicrobial activity of iron oxide nanoparticle upon modulation of nanoparticle‐bacteria

interface. Scientific reports, 2015. 5: p. 14813.

12. Shebl, R.I., F. Farouk, and H.M.E.‐S. Azzazy, Effect of Surface Charge and Hydrophobicity Modulation on the

Antibacterial and Antibiofilm Potential of Magnetic Iron Nanoparticles. Journal of Nanomaterials, 2017. 2017: p. 15.

13. El Zowalaty, M.E., et al., The ability of streptomycin‐loaded chitosan‐coated magnetic nanocomposites to

possess antimicrobial and antituberculosis activities. International journal of nanomedicine, 2015. 10: p. 3269.

14. Hussein‐Al‐Ali, S.H., et al., Synthesis, characterization, and antimicrobial activity of an ampicillin‐conjugated

magnetic nanoantibiotic for medical applications. International Journal of Nanomedicine, 2014. 9: p. 3801‐3814.

15. Benariba, N., et al., Phytochemical  screening and  free  radical  scavenging activity of Citrullus colocynthis

seeds extracts. Asian Pacific Journal of Tropical Biomedicine, 2013. 3(1): p. 35‐40.

16. Chekroun,  E.,  et  al.,  Antioxidant  activity  and  phytochemical  screening  of  two  Cucurbitaceae:  Citrullus

colocynthis fruits and Bryonia dioica roots. Asian Pacific Journal of Tropical Disease, 2015. 5(8): p. 632‐637.

17. K, S., et al., Biomedical potential of silver nanoparticles synthesized from calli cells of Citrullus colocynthis

(L.) Schrad. Journal of Nanobiotechnology, 2011. 9: p. 43‐43.

18. Satyavani,  K.,  T.  Ramanathan,  and  S.  Gurudeeban,  Plant  mediated  synthesis  of  biomedical  silver

nanoparticles by using  leaf extract of Citrullus colocynthis. Research  journal of nanoscience and nanotechnology,

2011. 1(2): p. 95‐101.

19. Satyavani, K.,  T. Ramanathan, and S. Gurudeeban, Green synthesis of silver nanoparticles by using stem

derived callus extract of bitter apple (Citrullus colocynthis). Dig J Nanomater Biostruct, 2011. 6(3): p. 1019‐1024.

20. Azizi, S., R. Mohamad, and M. Mahdavi Shahri, Green microwave‐assisted combustion synthesis of zinc oxide

nanoparticles with Citrullus colocynthis (L.) Schrad: Characterization and biomedical applications. Molecules, 2017.

22(2): p. 301.

197



  Chapter 8 

 
 

21.  Elhamifar, D., et al., Magnetic iron oxide/phenylsulfonic acid: A novel, efficient and recoverable nanocatalyst 

for green synthesis of tetrahydrobenzo[b]pyrans under ultrasonic conditions. Journal of Colloid and Interface Science, 

2018. 511: p. 392‐401. 

22.  Mondal, P. and M.K. Purkait, Green synthesized iron nanoparticles supported on pH responsive polymeric 

membrane  for  nitrobenzene  reduction  and  fluoride  rejection  study:  Optimization  approach.  Journal  of  Cleaner 

Production, 2018. 170: p. 1111‐1123. 

23.  Bini, R.A., et al., Synthesis and functionalization of magnetite nanoparticles with different amino‐functional 

alkoxysilanes. Journal of magnetism and magnetic materials, 2012. 324(4): p. 534‐539. 

24.  Shan,  Z.,  et  al.,  Preparation  and  characterization  of  carboxyl‐group  functionalized  superparamagnetic 

nanoparticles and t he potential for bio‐applications. Journal of the Brazilian Chemical Society, 2007. 18(7): p. 1329‐

1335. 

25.  Limem,  S.,  et  al.,  Preliminary  identification  of  Citrullus  Colocynthis  from  Togo  by  FT‐IR  and  Raman 

Spectroscopy. Vol. 3. 2015. 354‐360. 

26.  Satyavani,  K.,  et  al., Biomedical  potential  of  silver  nanoparticles  synthesized  from  calli  cells  of  Citrullus 

colocynthis (L.) Schrad. Journal of nanobiotechnology, 2011. 9(1): p. 43. 

27.  O'Dwyer, J., M.M. Downes, and C.C. Adley, The impact of meteorology on the occurrence of waterborne 

outbreaks of vero cytotoxin‐producing Escherichia coli (VTEC): a logistic regression approach. Journal of water and 

health, 2016. 14(1): p. 39‐46. 

28.  Uyttendaele, M., et al., Microbial Hazards in Irrigation Water: Standards, Norms, and Testing to Manage 

Use of Water in Fresh Produce Primary Production. Comprehensive Reviews in Food Science and Food Safety, 2015. 

14(4): p. 336‐356. 

29.  Blanc,  D.,  et  al., Hand  soap  contamination  by  Pseudomonas  aeruginosa  in  a  tertiary  care  hospital:  no 

evidence of impact on patients. Journal of Hospital Infection, 2016. 93(1): p. 63‐67. 

30.  Brondon, J., et al., Staphylococcus Aureus Bloodstream Infection Due to Contaminated Hematopoietic Stem 

Cell Graft. Biology of Blood and Marrow Transplantation, 2018. 24(3): p. S393. 

31.  Charron,  D.,  et  al.,  Impact  of  electronic  faucets  and  water  quality  on  the  occurrence  of  Pseudomonas 

aeruginosa in water: A multi‐hospital study. infection control & hospital epidemiology, 2015. 36(3): p. 311‐319. 

32.  Yassin, N.A. and A.M. Ahmad,  Incidence and Resistotyping Profiles of Bacillus subtilis Isolated from Azadi 

Teaching Hospital in Duhok City, Iraq. Materia Socio‐Medica, 2012. 24(3): p. 194‐197. 

33.  Matsumoto, S., et al., Management of suspected nosocomial infection: an audit of 19 hospitalized patients 

with septicemia caused by Bacillus species. Japanese journal of infectious diseases, 2000. 53(5): p. 196‐202. 

34.  Sherrington, S.L., et al., Adaptation of Candida albicans to environmental pH induces cell wall remodelling 

and enhances innate immune recognition. PLoS pathogens, 2017. 13(5): p. e1006403. 

35.  Marzouk,  B.,  et  al.,  Antibacterial  and  antifungal  activities  of  several  populations  of  Tunisian  Citrullus 

colocynthis Schrad. immature fruits and seeds. Journal de Mycologie Médicale/Journal of Medical Mycology, 2010. 

20(3): p. 179‐184. 

 

198



Chapter 9 

Summary and future perspectives





Summary, conclusions and future perspectives Chapter 9 

Summary,	conclusions	and	perspectives	

Rational use of medication (RUM) is and will always be a major public health concern [1, 2]. 
Strengthening RUM requires integrating political and economic efforts in addition to the medical 
staff awareness and cooperation [1]. Analytical chemistry is instrumental for achieving optimal 
monitoring of drug use for therapeutic purposes as well as for monitoring of drug environmental 
residues as a result of non-therapeutic purposes or health-setting disposal [3].  

For therapeutic purposes, therapeutic drug monitoring (TDM) is indispensable for ensuring the 
optimum plasma levels (as required by prescriber) had been achieved. Ensuring the absence of 
drug-drug interactions (DDI) is equally critical for an informative TDM. This is because DDI may 
cause an induced alteration of plasma concentration of a prescribed drug as a result of metabolic 
changes as affected by cytochrome P450 (CYP) inhibition and/or induction. In addition, changes 
in drug distribution may be induced by P-glycoprotein (P-gp) affecting drugs where P-gp is an 
efflux transporter that extrudes the xenobiotics (including drugs) from the tissue back into blood 
stream, thereby limiting their entry at tissue level. Although such drug interactions should be 
studied during drug discovery and development and should thus be known in advance in the 
prescribing stage, the dispensing legislations and the rigidity of their application vary among 
different countries. This is especially true in developing countries as well as in developed countries 
where online pharmacies now exist.  In this context, simultaneous monitoring of the drug plasma 
level and possibility of DDI can give a deeper insight on patient adherence and spare unnecessary 
dose changes/adjustments [3].  

RUM also implies that medications are not used for non-therapeutic purposes, such as their 
recruitment as growth promoters in animal husbandries [4]. It also include adequate environmental 
disposal of medications, for instance concerning the disposal of antibiotics (ABs) in surface waters 
or underground soil which may contribute to the development of AB resistance and affect the 
aquatic and soil biological environment [5]. In this respect, the development of field monitoring 
methods is of special importance to achieve adequate monitoring.  

The development of AB alternatives to replace non-therapeutic use of AB can limit this abuse. For 
instance, the bacteriophages, endolysins, antimicrobial peptides, pro-, pre-, and synbiotics, biofilm 
inhibitors and bacterial film inhibitors in addition to nanoparticles based solutions [6]. For 
developing economies, not only the efficiency of these methods is important but also their price.  

In Part I of this thesis, the development and application of analytical methods for TDM as well as 
detection of irrational use of medicine (IRM) is described. Our first attention was directed to 
analytical methods for TDM. We focused on the analysis of drug candidates in human plasma to 
reveal adherence to prescribed therapy and to spot self-medication. We generalized our search to 
include ABs and other medications which may cause adverse drug reactions (ADE) in special 
populations. The first group comprises of patients under coagulation therapy. This group involves 
mostly geriatric people who may suffer from multiple comorbidities. They are specially liable and 
sensitive to DDI and/or ADE. The second group comprises of patients suffering from epilepsy 
where they are likely to develop erectile dysfunction. Their consumption of sex-enhancers may 
result into deterioration of their case. The third group is composed of individuals admitted to 
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emergency departments with a possibility of being previously treated with a drug that might 
inadvertently interact with medications given at emergency departments (MED). Secondly we 
tackled the analysis of ABs in food of animal origin and in surface water. 

In the introductory Chapter 1, the IRM as a global public health concern is discussed. At first, the 
concept of rational use of medicine is described. Then, the health system and the patient related 
contribution to IRM are illustrated such as poly-pharmacy, over-use of ABs, failure to prescribe 
medications in accordance with clinical guidelines, neglecting a drug-drug, drug-diseases, or drug-
food interactions, inappropriate self-medication in addition to unsupervised drug consumption 
either via over the counter dispensing or reusing a previously described ones [7-13]. Next, the 
consequences of IRM on both the patient and community are discussed. Special attention is paid 
to AB misuse and its consequences on public health. In addition to ABs, the IRM of sex enhancers 
and vitamin K antagonists is discussed.  

In Chapter 2, the health and environmental hazard of exposure to AB residues (especially 
aminoglycosides (AGs)) are described. Next to that, the recent trends and state of the art 
technologies in AG sample preparation and analysis are described until the year 2014, followed 
by an update covering the period from 2015 – 2018.  

In Chapter 3 – 6, several analytical methods are developed and validated. In Chapter 3a, the 
measurement of the warfarin (WRN) level prior to dose adjustment to exclude dispensing errors 
or inadequate adherence is investigated. This is further augmented by the detection of possibly 
interacting drugs for further assessment of compliance for achieving a adequate dose adjustment. 
This was done by a validated liquid chromatography tandem mass spectrometry (LC–MS/MS) 
assay for the determination of the WRN and the simultaneous detection of 19 (potentially) 
interacting drugs.  

The chosen matrix was the citrated plasma sample which is normally already collected for 
monitoring the international normalized ratio (INR). This ensures reducing sample withdrawal 
from patients. The samples were prepared by liquid-liquid extraction. The separation of WRN and 
interacting drugs (n=19) was achieved on an Inertsil® C18 column using a gradient elution program. 
The assay was applied in 96 plasma samples from patients. The developed method was linear, 
accurate (with an average accuracy of 113 ± 5.6%) and precise (CV% <5) for WRN determination 
with average recovery of 99 ± 8.4% and no relative matrix effect. The WRN plasma level was 
successfully measured in all samples and possible interacting drugs were detected. Interestingly, 
after excluding deviating samples showing DDI (n=16), abnormal albumin (n=9), or abnormal 
steroid (n=6) levels, the results revealed a significant correlation (R2=0.622) between the plasma 
WRN levels and INR values.  

The results obtained in this study along with those of Lomonaco et al. [14] and Ghimenti et al. 
[15] underscore the importance of monitoring the WRN level and detecting DDI and other 
pathological variations to achieve an integrated understanding of possible causes of INR 
fluctuation prior to dose change. The developed assay can give insight on patient adherence to the 
medication regimen via comparing the WRN level to that of the same patient in his controlled 
state. Additionally, the assay can reveal interactions due to unsupervised drug consumption. This 
may give guidance to the physician on the necessity of changing the dose and consecutively 
reduces the frequency of dose changing to match the oscillating INR.  

202



Summary, conclusions and future perspectives Chapter 9 

In Chapter 3b, the study was extended.  The pre-analytical factors such as albumin level, packed 
cell volume (PCV) and hemoglobin (Hb) level and patient adherence to medication schedule are 
compared to assess the most influential factor on INR stability. In our study group, 45% achieved 
the target INR (2 – 3.5). Anemia was more prevalent among uncontrolled patients where 38% were 
anemic (5 male and 15 female). Abnormal PCV was observed in 47% of uncontrolled patients (7 
male and 18 female). We also observed a significant difference in age, the hemoglobin 
concentration, the PCV, and the albumin level between patients who achieved an optimum INR 
and those who did not. Our results revealed that the albumin level was the most important 
physiological predictor for the INR variations. Analytical assessment by LC–MS/MS revealed an 
obvious lack of adherence to the WRN dose in the uncontrolled group. Additionally, unsupervised 
drug consumption or missing prescribed ones was observed in at least 5% of the cases which may 
have strongly contributed to their poor coagulation control. From these results, we can conclude 
that for an adequate coagulation management the albumin level should be controlled. Additionally, 
the analytical assessment of the patient adherence is essential for a proper interpretation of the 
INR.  

In Chapter 4, a UPLC–MS/MS method is described for the determination of the antiepileptic 
drugs (AEDs) carbamazepine (CRB), oxcarbazepine (OXC), eslicarbazepine acetate (ESL) and 
eslicarbazepine (MHD). The developed method can also detect sildenafil (SLD), which clinically 
interferes with AEDs. The method is applicable in both plasma and serum matrices using a simple 
and cheap one-step extraction protocol. The procedures for MHD in-house preparation are reported 
to further reduce the cost of the method. Intersil® C18 column (250 × 4.6 mm, 5 μm) is used for the 
separation using acetonitrile, methanol and 100 mM ammonium acetate in water (32:3:65, v/v/v) 
as a mobile phase. The method was linear (0.5–40 μg/mL for CRB, ESL and MHD and 0.05–4 
μg/mL for OXC), accurate and selective. Recoveries were 64 ± 5.1, 45 ± 1.7, 61 ± 4.8 and 60  ± 
1.46 for CRB, OXC, ESL and MHD, respectively with no relative matrix effect. The method was 
successfully applied for TDM of AEDs. 

In Chapter 5, an LC–MS/MS screening assay is developed for the determination of drugs which 
are likely to interact with MEDs or interact inadvertently with each other causing ADE. The focus 
was on those drugs with a poor dispensing control in the Egyptian market and that have a possible 
interaction with MEDs. To this end, sildenafil citrate, erythromycin succinate, itraconazole and 
ketoconazole were determined. After a simple protein precipitation step for sample preparation, 
the analysis was performed on an Acquity-BEH C18 column (50 × 2.1 mm, 1.7 µm) using gradient 
elution and detection by MS/MS. The developed screening assay was capable of detecting the 
target drugs far below 2% of their Cmax. Further, the developed assay was extended for the analysis 
of numerous other drugs that may interact with MEDs or cause suspected ADE (sulfamethoxazole, 
trimethoprim, caffeine, arginine, ciprofloxacin and carbamazepine). This simple screening assay 
can be used as a routine protocol in emergency units as a fast test to detect possible interacting 
drugs with MEDs and to understand and avoid ADE at a reduced time and cost. 

Chapter 6 deals with the determination of AB residue in food of animal origin using a simple 
non/under-equipped laboratory setting screening method applicable by meat traders and 
processors. Clean and spiked kidney samples (20 mg) with different ABs (n=12) in the 
concentration range of 1 – 6 ppm were analyzed by Fourier-transform infra-red spectrometry 
(FTIR). Collected spectral information was used to build a database model against which samples 
were compared using distance rank plot analysis. Two discrimination models were evaluated. 
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Model 1 discriminates clean from contaminated samples while model 2 detects the contaminating 
AB compound class. Clean and spiked kidney samples were used to test the two discrimination 
models. The FTIR was able to differentiate the clean samples from spiked ones in > 90% of the 
samples (n=56) and to identify its class in 70% of the tested samples (n=77). In this study, an FTIR 
method with minimal sample preparation procedures, no solvent requirement and low running cost 
was developed for detection of AB residues in meat. The method does not need skilled analysts 
and can be applied at any point of food production chain. It provides a solution for initial screening 
of meat and reduces the cost of analytical procedures.  

In part II focusses on the use of magnetic iron nanoparticles (MNPs) as they are a very attractive 
sample enrichment material due to the ability of their magnetic manipulation. In Chapter 7, we 
investigated recruiting the MNPs as a dispersible solid phase for the extraction of AGs from matrix 
and their subsequent analysis based on the universal FTIR using neomycin (NEO) as an example.  

Negatively-charged MNPs were synthesized by the classical thermal co-precipitation method and 
were characterized in terms of size, shape and charge. MNPs were allowed to interact with an AG-
containing matrix and were subsequently separated by an external magnet. The loaded MNPs were 
then FTIR analyzed against an air background. The FTIR spectrum of NEO immobilized on the 
MNPs was identified. The ability of the method to detect NEO contamination in milk was 
investigated. Negatively-charged MNPs were able to electrostatically interact with NEO from a 
liquid matrix. After the interaction, adsorbed NEO on the MNP surface was detectable by FTIR. 
Unfortunately, although MNPs functioned well as a dispersible solid support material for 
extraction and subsequent FTIR scanning of NEO extracted from liquid samples, the recovery of 
the extraction from a milk sample was very poor (<20%) which prevented the detection of NEO 
near its maximum residual limit. This makes the developed procedure inapplicable for the 
determination of NEO in milk.  

Furthermore, the use of MNPs was investigated as an alternative antibacterial agent. Since 
unmodified MNPs lack antibacterial potential, we investigated MNPs surface modifications that 
can impart antibacterial activity. Six MNPs species were prepared and characterized. Their 
antibacterial and antibiofilm potential, surface affinity, and cytotoxicity were evaluated. Prepared 
MNPs were functionalized with citric acid, an amine group, amino-propyl trimethoxy silane 
(APTMS), arginine, or oleic acid (OA) to give hydrophilic and hydrophobic MNPs with surface 
charge ranging from −30 to +30 mV. Prepared MNPs were spherical in shape with an average size 
of 6–15 nm. Hydrophobic (OA-MNPs) and positively charged MNPs (APTMS-MNPs) had a 
significant concentration-dependent antibacterial effect. Both types of particles exhibited surface 
affinity to S. aureus and E. coli. OA-MNPs showed higher inhibitory potential against S. aureus 
and E. coli (80%) than APTMS-MNPs (70%). Different concentrations of OA-MNPs decreased S. 
aureus and E. coli biofilm formation by 50–90%, while APTMS-MNPs reduced it by 30–90%, 
respectively. Up to 90% of preformed biofilms of S. aureus and E. coli were destroyed by OA-
MNPs and APTMS-MNPs. From this research, we concluded that surface positive charge and 
hydrophobicity enhance the antibacterial and antibiofilm properties of MNPs. Additionally, the 
capturing efficiency as a result of surface affinity of MNPs to bacteria was demonstrated.  

Finally, in Chapter 8, we investigate the use of an aqueous extract of Citrullus colocynth (CTC) 
in producing MNPs with improved antimicrobial activity. The CTC seed and pulp extracts were 
used to produce MNPs. The particles were characterized by transmission electron microscope, 
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energy dispersion x-ray, FTIR and their surface charge were measured. The antimicrobial activity 
of the produced MNPs were assessed against 2 Gram positive (Bacillus subtilis and 
Staphylococcus aureus) and 2 Gram negative (Escherichia coli & Pseudomonas aeruginosa) 
bacteria as well as against Candida albicans. Both MNPs synthesized from the cold seed extract 
(S-MNP) and the pulp extract (P-MNP) were spherical in shape. They showed comparable 
antimicrobial potential against the five tested micro-organisms. At a concentration range 1 mg/mL 
– 480 ng/mL, S-MNP inhibited bacterial growth by 99 - 16 % and 91 – 10 % while P-MNP
inhibition was 100– 11 % and 99 – 11 % for Gram positive and negative bacteria, respectively.
Candida albicans was the least affected microorganism with maximum inhibition of 88 and 63 %
after treatment with S-MNP and P-MNP, respectively. In conclusion, the aqueous extract of CTC
can be used for the synthesis of MNPs with antimicrobial activity. The described procedures are
simple and can be modified for large scale green production of MNPs.

Conclusions and future perspectives  
The thesis covers three main topics. The first is the introduction of a newer concept in TDM which 
is DDI-augmented TDM. Where instead of only monitoring the adequate plasma level(s) of 
prescribed medications, potentially interacting drugs should be simultaneously monitored. This 
will help to detect and/or interpret inadvertent DDI-induced alteration in plasma level and ADE. 
Such practice might be especially beneficial in developing countries where the strict control over 
drug dispensing is not sufficiently adequate. Nevertheless, it is also very important in developed 
countries where there is a larger aging population with high incidence of multiple comorbidities 
and polypharmacy. The availability of (prescribed) drugs via on-line platforms is an additional 
point of concern as well. Development of a universal analytical method covering the CYP 
inhibitors and inducers as well as P-gp affecting drug candidates can be very beneficial in this 
respect. For adopting and achieving such outcome, the state of the art technologies in analytical 
chemistry such as LC–MS/MS is an optimum and indispensable tool. It is very important to 
mention here that the starting and running cost of the instrument is relatively high for developing 
countries.  Therefore, future research should weigh (from a pharmaco-economic perspective) the 
cost of recruiting LC–MS/MS for DDI-augmented TDM against sparing the cost burden carried 
by the health systems for management ADE as well as the cost of medications themselves. The 
second outcome is introducing non/under-equipped laboratory screening assay as a preliminary 
tool for IRM monitoring. In this, the FTIR is found to be quiet efficient.  

The third outcome is the feasibility of using the MNPs as a dispersed solid phase extraction for 
immobilization of cationic AGs (e.g. NEO). Also, their potential use as antibacterial and 
antibiofilm agents and as a dispersed solid phase material for bacterial capturing from environment 
was investigated and the physicochemical properties affecting both properties were spotted. This 
will help directing the synthesis of MNPs for bacterial capturing and/or eradication purposes. 
Further, we investigated the use of CTC aqueous extract (which is wasted during the mass 
production of CTC derived oil) for the synthesis of MNPs active against bacteria. The MNPs can 
be beneficial for developing cheap solid phase dispersion materials for removal of small-molecule 
ABs from health setting disposals at a very low cost with the ability to collect after executing the 
function. They can also be modified as cheap bacterial filters for cleaning water inlets and outlets 
of animal husbandries.  

It is very important to mention that a nanotechnology-based approach can be a valuable alternative 
for small-molecule Abs, at least for nonliving surfaces and objects to replace the irrational use of 
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AB, for instance in surface water. It can spare the use of ABs for the therapeutic purpose and delay 
the AB resistance associated with the irrational use of ABs while being relatively easier and 
cheaper to develop than a new AB entity.  

However, the physicochemical properties of the particles should be thoroughly considered and 
comprehensively understood as these predominantly control the biological behavior, 
environmental distribution and safety of the particles as well as their stability and reactivity [16, 
17]. For instance, the size, charge and shape of the particles can affect the adsorption of 
biomolecules onto the surface of nanoparticles, influence crossing of biological membrane, 
deposition and accumulation in organs, cellular uptake and distribution as well as deposition in 
soil and surface waters. Also, the environmental fate of the particles should be thoroughly 
understood. Such knowledge is still as an early stage [16] [18] [19] . 
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