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A B S T R A C T

Estimations, made by the World Health Organization (WHO), state that 10% of the medical products in low- and
middle-income countries are substandard or falsified (SF). Among them, antibiotics and antimalarials are the most
commonly reported since 2013. Besides the fact that falsification is a crime, the worldwide use of poor quality
antimicrobials could result in treatment failures, stronger antimicrobial resistance and even the promotion of the
emergence of superbugs. Therefore, simple and accurate analytical methods are necessary, which are capable to
detect and quantify a wide range of antimicrobials in suspected illegal products. In this work, a screening and a
quantification method using ultra-high performance liquid chromatography with tandem mass spectrometry
(UHPLC-MS2) and diode array detection (UHPLC-DAD), respectively were developed and validated. These methods
could be used for routine analysis and enable a more in-depth characterization of SF-antimicrobials.

According to their popularity as SF-antimicrobials, 31 antibiotics, 3 antibacterial agents, 1 antifungal agent
and 1 beta-lactamase inhibitor, covering eleven different antibacterial classes, were selected. The UHPLC-MS2

screening method with gradient elution is able to selectively detect these 36 compounds within 18min (in-
cluding wash and equilibration step). It was validated for sensitivity, selectivity and matrix effects. Within an
analysis time of 32min, the UHPLC-DAD method could quantify 32 compounds (4 showed insufficient UV ab-
sorbance) and resulted in sufficient selectivity, necessary since some SF-antimicrobials may include more than
one antimicrobial component. This quantification method was validated for the positive hits found during
screening tests of suspected illegal samples. This resulted in a validation set of 11 antimicrobials and 1 beta-
lactamase inhibitor. The ''total error'' approach in accordance with the validation requirements of ISO-17025 was
employed for the validation. 57 real-life illegal samples, seized by inspectors from the Belgium Federal Agency
for Medicinal and Health Products (FAMHP), were analyzed using the two described methods. About half of
them were not compliant and some samples that contained clavulanic acid showed a serious reduction in the
amount of this molecule (in one sample only 14% of the claimed dosage was found). These quality issues might
be attributed to either poor manufacturing, storage or transportation conditions.

1. Introduction

Despite the multitude of local and global efforts that were made
during the last decade to curtail the manufacturing, distribution and
supply of substandard and falsified (SF) medicines, these products are
still considered a continuously growing threat to public health [1].
Estimations made by the World Health Organization (WHO) state that
10% of the medical products in low- and middle-income countries are

SF. Among them, antibiotics and antimalarials are the most commonly
reported since 2013 [2]. Moreover, it seems that antibiotics account for
more than 25% of all SF-drugs [3]. This is likely due to the success of
the antibiotic market since it has been reported that this had a revenue
of USD 39.8 billion in 2015 and is even expected to grow up to USD
57.0 billion by 2024 [4]. Recent estimates claimed that the illegal an-
tibiotic market occupied around 5% of the global antibiotic market [3].
In addition, a warning issued by WHO stated that SF-antibiotics are no
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longer only limited to developing countries, but are also gaining po-
pularity in the developed ones. This phenomenon is attributed to the
expansion of the internet and the ease of online purchasing. Although it
is well known that more than 50% of the medicines sold by web shops
not disclosing their physical identity are SF-medicines, a recent survey
conducted in the United States indicated that the number of people
purchasing drugs online has increased by three times in the past decade
[2]. Moreover, it was reported that in total about 21,000 dose units of
SF-antibiotics were seized in 12 European countries within one week in
2012 [5].

According to WHO, SF medical products may include products ex-
clusively containing inactive ingredients, wrong ingredients or im-
proper dosages [6]. SF-antimicrobials with insufficient dosages may
result in sub-potent drug efficacy, leading to increased morbidity of
patients, treatment failures and selection of drug-resistant microbial
strains. SF-antimicrobials with excessive dosages or impurities, can also
directly be responsible for serious side effects and even deathly out-
comes, especially in children [7]. A case report, originating from the
late 1990s showed that the use of SF-gentamicin, containing toxic im-
purities, caused around 2000 adverse incidents of the eosinophilia-
myalgia syndrome and resulted also in 66 deaths in the United States
[3]. The use of SF-antimicrobials worldwide may also result in stronger
antimicrobial resistance and even promotes the emergence of superbugs
[8]. Therefore, great efforts are currently ongoing to tackle these ma-
lignant practices in favor of public health. In this framework, not only
regulatory efforts are required, but also adequate analytical methods
are paramount. In literature, many validated methodologies are avail-
able for the identification and quantification of antimicrobials, but most
of them are designed for one specific class of antimicrobials or are
analyzed by a targeted approach [9–17]. These approaches are known
to be selective and sensitive, but have an inherent bias since they will
not detect molecules other than the preselected ones. Therefore, a full
screening method is necessary in order to detect unexpected SF-anti-
microbial drug products and possible adulterants. Moreover, the Eur-
opean pharmacopoeia methods for antibiotics are designed only for one
specific antibiotic [18] which require different reagents and different
experimental conditions. Therefore, these methods are not feasible for
high throughput screening of SF-antimicrobials. Potential adulterants in
falsified samples are not able to be properly detected using the Eur-
opean pharmacopoeia methods. Given the possible high amount of
suspected antibiotics seized at a certain moment, a fast and selective
analytical technique is demanded by regulatory authorities to monitor
drug quality control and survey the (illegal) market.

This study aims to develop such a method capable of efficient de-
tection and sufficient separation of suspected illegal antimicrobials
frequently encountered by the Belgian controlling agency. Besides real
antibiotics, the set included also a beta-lactamase inhibitor (clavulanic
acid), an antifungal (griseofulvin) and some antibacterial agents (tri-
methoprim, sulfamethoxazole and nitrofurantoin). The best performing
LC gradient was selected, further refined and validated for identifica-
tion by mass spectrometry (MS) and quantification by a diode array
detector (DAD). For quantification, DAD was preferred over MS because
the first provides more accurate results without the need of expensive
isotopically labelled reference standards. Good accuracy was required
in view of acceptance limits of± 5% for the assessment of the actives
in pharmaceutical products (tablets and capsules). All collected illegal
antimicrobial samples were successfully screened and quantified using
the validated methods.

2. Materials and methods

2.1. Reagents and standards

2.1.1. Reagents
HPLC and MS-grade acetonitrile (ACN) and methanol were obtained

from Biosolve (Valkenswaard, the Netherlands). Formic acid (ACS and

Ph. Eur. reagent) was purchased from Merck (Darmstadt, Germany).
Water (R=18MΩ cm, TOC < 4 ppb) was generated by using a milliQ-
Gradient A10 system (Millipore, Billerica, MA, USA).

2.1.2. Standards and stock solutions
The reference standards of amoxicillin trihydrate, azithromycin,

cefaclor, ceftazidime, cefazolin, cefuroxime axetil, clavulanate lithium,
clindamycin and cloxacillin sodium were purchased from the European
Directorate for the Quality of Medicines (EDQM) (Strasbourg, France).
Ampicillin, cefadroxil, cefotaxime sodium, cefradine, ceftriaxone dis-
odium salt heptahydrate, erythromycin A, tetracycline hydrochloride
and roxithromycin were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Benzathine penicillin G tetrahydrate, cefalexin, doxycycline hy-
clate, lincomycin hydrochloride monohydrate, penicillin V potassium,
trimethoprim and norfloxacin were bought from Sigma-Aldrich (Seelze,
Germany), while ciprofloxacin and rifampicin were acquired from
Sigma-Aldrich (Buchs, Switzerland). Bacitracin zinc was purchased
from Alpharma (Oslo, Norway). Clarithromycin and ofloxacin were
obtained from Ranbaxy (Madhya Pradesh, India). Nitrofurantoin, sul-
famethoxazole and neomycin sulfate were obtained from Fagron
(Waregem, Belgium). Griseofulvin was purchased from Sigma-Aldrich
(Laramie, WY, USA), polymyxin B sulfate from Kela laboratoria N.V.
(Hoogstraten, Belgium) and cefepime from Bristol-Myers Squibb
(Syracuse, New York, USA). Gentamicin sulfate was obtained from
Alcon Cusi (Barcelona, Spain).

For the sample matrix components, magnesium trisilicate was pur-
chased from Qualiphar (Bornem, Belgium). Starch was obtained from
VWR (Darmstadt, Germany) and lactose monohydrate was bought from
Synergyhealth (Uitgeest, Netherlands). Mannitol, croscarmellose so-
dium and cellulose microcristalline were obtained from Fagron
(Waregem, Belgium). Sucrose, propylparaben and methylparaben were
from Sigma-Aldrich (St. Louis, MO, USA). Maltodextrin was bought
from Procter & Gamble (Strombeek-Bever, Belgium).

Individual stock solutions were prepared by dissolving standards in
the corresponding solvent (See Table 1) at a concentration of 1mg/mL.
Afterwards, stock solutions were divided in different aliquots and
stored at −20 °C for maximum six months whilst quinolones were re-
freshed every two months and β-lactams renewed monthly, as re-
commended by Gros et al. [11]. It is noted that tetracyclines have to be
stored in the dark due to photodegradation [19]. The standard mixture
solution containing all antimicrobials was prepared in a mixture of
methanol/H2O (50:50, v/v) by mixing proper amounts of individual
stock solutions at a concentration of 25 µg/mL. The standard mixture
solution was stored at −20 °C and renewed every week.

2.2. Samples of suspected illegal antimicrobials

All illegal samples were seized and collected by inspectors from the
Belgium Federal Agency for Medicines and Health Products (FAMHP)
during the period 2016–2017. 57 samples were included in the study,
claiming 18 different antimicrobials and 1 beta-lactamase inhibitor:
amoxicillin, ampicillin, azithromycin, benzathine penicillin G, cef-
triaxone, cefalexin, ciprofloxacin, doxycycline, erythromycin, griseo-
fulvin, ofloxacin, penicillin V, roxithromycin, tetracycline (hydro-
chloride), nitrofurantoin, norfloxacin, sulfamethoxazole, trimethoprim
and clavulanic acid. This set was further completed with 17 other an-
timicrobials, based on their popularity in literature as SF-antimicrobials
[3,5,7]. Taken together, a total 36 compounds were included for
method development, covering eleven different classes of anti-
microbials (See Table 1). The collected 57 illegal samples consisted of
four different formulations: capsules (46%), tablets (47%), injections
(5%) and syrup (2%). It is demonstrated that counterfeit β-lactams are
frequently encountered by the controlling agency according to existing
criminal cases [3,7]. Conformably, two thirds of the collected coun-
terfeit products in the present study are β-lactam antibiotics.
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2.3. Sample preparation

2.3.1. Screening method
2.3.1.1. Validation samples. Individual stock solutions (1mg/mL) were
prepared as described in Section 2.1.2. To build up a screening library
with MS data, working solutions of 0.1mg/mL were made by diluting
individual stock solutions with the corresponding solvent (See Table 1).

To verify the matrix effect of capsules and tablets, three typical
matrices were used. Matrix 1 was composed of talc and lactose, matrix
2 consisted of cellulose and starch and matrix 3 was made up of man-
nitol and croscarmellose sodium. Sucrose, maltodextrin, methylparaben
and propylparaben were tested for the matrix effect of syrup. The an-
timicrobials were divided into three groups according to their corre-
sponding solvents, namely methanol, methanol/H2O mixture (50:50, v/
v) and methanol/ H2O with 1% HCOOH mixture (20:80, v/v) (Table 1).
The stock mixture solutions (1mg/mL) of three groups were prepared
respectively. 30mg of one of the selected matrices was brought into a
flask of 10.0mL and spiked with the appropriate amounts of stock
mixture solutions of antimicrobials. The content of the flask was
brought up to 10.0mL to obtain a concentration of 25 µg/mL active
ingredient.

2.3.1.2. Sample treatment. The number of tablets or capsules to be
pulverized was determined as follows: i) if the number of offered units
is less than or equal to 3, the number to be pulverized is one, ii) if the
number of offered units is more than 3, but less than or equal to 11, the
number to be pulverized is half of the total unit number, iii) if the
number of offered units is more than 11, the number to be pulverized is
a quarter of the total unit number. The maximum number to be
pulverized is 20. This way of working allows to preserve enough
sample for retest or in case the inspection or the justice department
does not want all of the evidence pieces to be destroyed.

An amount of 25mg of the pulverized drug products was accurately
weighed and around 20mL of the corresponding solvent was added,
followed by ultrasonication for 15min. Next, the acquired solution was
brought up to 25.0mL, further diluted 10 times and filtered through
0.2 µm polytetrafluoroethylene (PTFE) filters before injection. A com-
parison between the use of filtration and centrifugation was executed to
check whether some components were retained in the filters. The out-
come indicated that there was no significant difference between the two
debris removal techniques.

2.3.2. Quantification method
2.3.2.1. Calibration standards. The concentrations of the calibration
standards are indicated in Table 2 and Table 3. Calibration standards
were made by diluting the stock solution of each antimicrobial in the
corresponding solvent as indicated in Table 1. The solutions were
filtered through 0.2 µm PTFE filters before injection.

2.3.2.2. Validation samples. The placebo was made by mixing talc,
lactose, cellulose, starch, mannitol and croscarmellose sodium in equal
proportions. These compounds are the most commonly present
excipients in tablets and capsules. The spiked placebo validation
samples were prepared by adding a certain amount of individual
stock solution to 30mg of placebo and diluting with the
corresponding solvent to 10.0 mL, in order to obtain the
concentrations mentioned in Table 2. The solutions were
ultrasonicated for 15min and filtered through 0.2 µm PTFE filters
before injection.

To perform a recovery study, a mimic tablet was made by mixing
the labelled amount of active pharmaceutical ingredient (API) with an
appropriate amount of placebo according to the art of pharmacy pro-
fession. The added amount of placebo for each sample was calculated
by subtracting the labelled API content from the average weight of a
tablet. This simulated drug products underwent the same preparation
procedure as described in Section 2.3.2.3. Each sample was analyzed in
triplicate. Calibration ranges and recovery concentrations are shown in
Table 3.

2.3.2.3. Sample treatment. An amount of 30mg of the pulverized drug
products (Section 2.3.1.2) was accurately weighed and around 8mL of
the corresponding solvent was added, followed by ultrasonication for
15min. Then, the acquired solution was brought to 10.0mL. Further
dilution was required to obtain an intermediate concentration within
the calibration range. The solutions were filtered through 0.2 µm PTFE
filters before injection.

2.4. Instrumental conditions

2.4.1. Screening method
The screening of all samples was performed by UHPLC-MS2 on a

Dionex UltiMate 3000 Rapid Separation LC (RSLC) system (Thermo
Scientific, Sunnyvale, CA, USA) connected to an amaZon™ speed ETD
mass spectrometer (Bruker Daltonics, Bremen, Germany). The chro-
matographic separation was carried out at 25 °C on a Waters Acquity
BEH shield RP18 (150mm×2.1mm, 1.7 µm) column. The flow rate
was 0.3 mL/min and the injection volume was 2 µL. Mobile phases A
and B consisted of 0.1% formic acid in water and 0.1% formic acid in

Table 1
List of compounds for the UHPLC-MS2 screening method and the UHPLC-DAD
quantification method. Solvent A is methanol/ H2O mixture (50:50, v/v), sol-
vent B is methanol and solvent C is methanol/ H2O with 1% HCOOH mixture
(20:80, v/v).

Compounds Classification Solvent Wavelength
(nm)

Amoxicillin* Penicillins A 230
Ampicillin* Penicillins A 230
Azithromycin1 Macrolides B
Bacitracin Zn Polypeptides C
Benzathine

penicillin G*
Penicillins B 215

Cefaclor Cephalosporins A
Cefadroxil Cephalosporins A
Cefepime Cephalosporins A
Cefotaxime Cephalosporins A
Ceftazidime Cephalosporins A
Ceftriaxone* Cephalosporins A 280
Cefuroxime axetil Cephalosporins B
Cefalexin* Cephalosporins A 230
Cefazolin Cephalosporins A
Cefradine Cephalosporins A
Ciprofloxacin* Quinolones C 280
Clarithromycin Macrolides C
Clavulanic acid* β-lactamase inhibitor A 230
Clindamycin Macrolides A
Cloxacillin Penicillins A
Doxycycline* Tetracyclines A 350
Erythromycin1 Macrolides B
Gentamicin1 Aminoglycosides C
Griseofulvin* Antifungal agent B 254
Lincomycin Macrolides A
Neomycin1 Aminoglycosides C
Nitrofurantoin* Nitrofurans Dimethylformamide

(DMF)
254

Norfloxacin* Quinolones C 280
Ofloxacin* Quinolones C 280
Penicillin V* Penicillins A 215
Polymyxin Polypeptides A
Rifampicin Rifamycins B
Roxithromycin* Macrolides A 215
Sulfamethoxazole* Sulfonamides B 254
Tetracycline

(HCl)*
Tetracyclines A 280

Trimethoprim* Other B 215

* Compound used for validation.
1 Compound only included in the screening method, not included in the

quantification method.
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ACN, respectively. The chromatographic gradient started with an iso-
cratic elution of 99% A for 1min, followed by a linear decrease to 85%
in 4min, then the percent of mobile phase A further linearly dropped to
25% in 10min, after which the column was rinsed by 1% A for 1.5 min.
The post-gradient equilibration with 99% A was performed for 1.5 min.

The total run time was 18min for the screening method.
The mass spectrometer settings were based on those described by

Vanhee et al. [20]: the mass spectrometer was operated in alternating
positive electrospray ionization (ESI+) and negative electrospray io-
nization (ESI-) mode, with a spray voltage of 3.5 kV and an end plate
voltage of 500 V. The nebulizer was set to 2 bar and the desolvation gas
temperature was 180 °C at a flow rate of 4.0 L/min. MS spectra were
obtained within a mass range of 100–1000m/z and the smart para-
meter setting (SPS) was set to 475 m/z. For MS2 precursor selection, the
most intense ion was isolated above an absolute intensity of 2.500 and a
5% relative intensity threshold. The ion charge control (ICC) was set to
100,000 for ESI- and 200,000 for ESI+with a maximum accumulation
time of 200ms. CID (Collision Induced Dissociation) was performed
using helium as collision gas. The fragmentation amplitude was set to
100% using SmartFrag™ Enhanced for amplitude ramping (80–120%).
The fragmentation time was set to 20ms.

2.4.2. Quantification method
Method development, optimization, validation and application were

achieved on an Aquity UPLC system (Waters, Milford, MA, USA)
equipped with a binary solvent manager, a sample manager and a DAD
detector. Data integration and analysis were performed with Empower
3 Citrix software.

The optimal separation (see also Section 3.1) was obtained on a
Waters Acquity BEH shield RP18 (150mm×2.1mm, 1.7 µm) column,
which is the same as the screening method. The column and sample
temperatures were kept at 25 °C and 15 °C, respectively. The flow rate
was 0.2mL/min and the injection volume was 5 µL. The gradient was
composed of 0.01% formic acid in water as mobile phase A and ACN as
mobile phase B. The gradient started with an isocratic elution of 99% A
for 5min followed by a linear decrease to 85% in 10min. Then the
percent of mobile phase A further linearly dropped to 25% in 15min,
followed by returning to the initial composition in 2min. A wavelength
scan with the DAD detector was performed for all antimicrobials within
the range 190–400 nm for identity confirmation. For method develop-
ment and optimization, all antimicrobials were detected and monitored
at 215 nm whereas the method validation and application were per-
formed at a corresponding detection wavelength for each antimicrobial
as shown in Table 1.

2.5. Method validation

2.5.1. Screening method
The screening method should avoid false positive and false negative

results as much as possible. Therefore, it has to be validated in terms of
sensitivity, selectivity and matrix effects. The evaluation of sensitivity is
based on the measurement of the screening detection limit (SDL), de-
fined as the lowest concentration at which an analyte can be correctly
detected in at least 95% of the samples [21,22]. The selectivity ensures
the method to detect the analyte of interest without interferences of
other analytes and excipients. Blank samples (only matrix) were tested
to validate false detects. The detection of the active compounds was
verified in the presence of different matrices as described in Section
2.3.1.1. According to ‘’Method validation and quality control proce-
dures for pesticide residues analysis in food and feed’’ (Sanco/12495/
2011) [21], the validation should include at least 20 samples covering
multiple matrices with a minimum of two samples per matrix. In the
present study, 36 samples covering three matrices, representative for
the matrix scope of the laboratory, were analyzed before and after
spiking, in which the concentration was in line with a SDL of 25 µg/mL
(See Section 3.3). To verify the matrix effect of syrup, the retention
times of sucrose, maltodextrin, methylparaben and propylparaben were
determined to check interferences [21].

2.5.2. Quantification method
Analytical method validation aims to assure that future

Table 2
Concentrations of the calibration standards and the validation samples.

Compounds Concentrations
Calibration standards
(µg/mL)

Validation samples
(µg/mL)

Amoxicillin 10 30
100 150
200 300
400

Ampicillin 10 30
100 150
200 300
400

Benzathine penicillin G 10 30
50 90
100 150
200

Clavulanic acid 10 10
20 30
40 50
60

Ceftriaxone 150 150
200 200
300 300
350

Cefalexin 10 30
100 150
200 300
400

Ciprofloxacin 10 30
50 90
100 150
150

Doxycycline 10 30
100 150
200 300
400

Ofloxacin 10 30
100 150
200 300
400

Penicillin V 10 30
100 150
200 300
400

Roxithromycin 10 30
100 150
200 300
350

Tetracycline (HCl) 10 30
100 150
200 300
400

Table 3
Recoveries of five additionally investigated antimicrobials (SD: standard de-
viation).

Compounds Concentrations
Calibration
standards (µg/mL)

Recovery concentrations
(µg/mL)

Recovery:
mean % (SD)

Griseofulvin 10, 50, 100, 200 84 99.6 (1.4)
Norfloxacin 10, 50, 100, 200 102 98.9 (1.0)
Nitrofurantoin 10, 50, 100, 200 96 98.9 (1.2)
Sulfamethoxazole 10, 50, 100, 200 119 102.9 (0.7)
Trimethoprim 10, 100, 200, 400 238 98.0 (0.2)
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measurements for the content of analytes are reliable and close enough
to the true value. The UHPLC-DAD quantification method was validated
according to ISO-17025 via the “total error’’ approach by building ac-
curacy profiles, a graphical decision-making tool [23,24]. It is a fitness-
for-purpose approach, which evaluates the systematic error (trueness)
as well as the random error (intermediate precision) to know the de-
viation between the measured result and the true value. This approach
is able to compute an interval predicting the values of future mea-
surements.

Specifically, the “total error” approach verifies whether the analy-
tical method could provide a result that deviates from the true value
within the predefined acceptability limits [−λ, λ], being for licensed
pharmaceutical products [−5%, 5%]. This is carried out by the cal-
culation of the β-expectation tolerance interval, which comprises the
future results that will fall inside the acceptability limits with a given
probability β [25,26]. In this study, β was set at 95% and the calcula-
tion was made at three concentration levels. The method can be re-
garded as accurate within the studied concentration range on the pre-
mise that the calculated β-expectation tolerance interval is located
within the acceptance limits of± 5% [25].

In practice, the quantification method was only fully validated for
the 11 antibiotics (amoxicillin, ampicillin, benzathine penicillin G,
ceftriaxone, cefalexin, ciprofloxacin, doxycycline, ofloxacin, penicillin
V, roxithromycin, tetracycline) and 1 beta-lactamase inhibitor (clavu-
lanic acid) that were present from the beginning and for which positive
hits were obtained in the screening experiment. Validation samples at
three different concentration levels were prepared daily as three in-
dependent replicates (See Table 2). The analysis of validation samples
continued for at least three days depending on the compounds. The
concentrations were determined by back-calculation based on the ca-
libration lines (see Section 2.3.2.1). Based on these calculated con-
centrations, the linearity of the results, trueness, precision (repeat-
ability and intermediate precision) and accuracy were assessed [27].

Since the samples of five other antimicrobials (nitrofurantoin, nor-
floxacin, trimethoprim, sulfamethoxazole and griseofulvin) were re-
ceived at a later stage, a reduced validation of the quantification
method was performed where the construction of accuracy profiles was
replaced by recovery tests.

3. Results and discussion

3.1. Quantification method development and optimization

Because MS is less cost-effective than DAD, the quantification
method was developed first starting with the set of 35 antimicrobials
and 1 beta-lactamase inhibitor (Section 2.2). However, erythromycin,
azithromycin, neomycin and gentamicin had to be excluded due to their
insufficient UV absorbance in combination with the selected mobile
phases. A Waters Acquity BEH shield RP18 column (150mm×2.1mm,
1.7 µm) was used to start the method development, because many re-
ports have demonstrated that it can generate a satisfactory separation
among antibiotics such as quinolones, macrolides and β-lactams
[28–30]. ACN was initially used as solvent for all standards.

Concerning the mobile phases, 0.01% formic acid in water and ACN
were selected. ACN was chosen as organic modifier due to its low cutoff
value and more stable baseline compared to methanol. The initial
UHPLC gradient started with 95% aqueous phase, which was held for
5min followed by a linear decrease to 5% in 30min and an isocratic
elution for 10min before returning to the initial conditions in 10min.
Flow rates of 0.2 mL/min, 0.3 mL/min and 0.4mL/min were tested as
well as column temperatures of 25 °C, 30 °C and 40 °C. It was found that
the flow rate of 0.2 mL/min and the column temperature of 25 °C gave
the best performance in general. Since the separation among cefadroxil,
lincomycin and cefepime was not optimal, the starting condition of the
gradient was changed from 5% ACN to 1% ACN. However, some peak
shapes were not ideal and even distorted. This problem was solved by
using methanol as solvent instead of ACN. In order to shorten the
analysis time, the percentage of ACN was calculated at the moment the
last peak eluted. In this way, the gradient could be stopped at 75% ACN
instead of 95%. Under these conditions, cefalexin and ampicillin co-
eluted, but this was solved by decreasing the slope of the increase rate
of ACN in the elution time frame of 5–15min. Under the final condi-
tions mentioned in Section 2.4.2, all 32 compounds were separated.
Typical chromatograms obtained with the references of all 31 anti-
microbials and the 1 beta-lactamase inhibitor are presented in Fig. 1.

For the quantification of erythromycin, azithromycin, neomycin and
gentamicin, the chromatographic procedures in the respective mono-
graphs of the European Pharmacopoeia [18] can be followed.

Fig. 1. Typical chromatograms obtained by the
UHPLC-DAD quantification method (1= amoxicillin,
2= cefadroxil, 3= lincomycin, 4= cefepime,
5= clavulanic acid, 6= trimethoprim, 7= poly-
myxin B1, 8= cefalexin, 9= ampicillin, 10= cefa-
clor, 11=ofloxacin, 12= cefradine, 13= ceftazi-
dime, 14= ciprofloxacin, 15= tetracycline,
16= clindamycin, 17=bacitracin Zn, 18=doxycy-
cline, 19= clarithromycin, 20= roxithromycin,
21= cefotaxime, 22= sulfamethoxazole, 23= cefa-
zolin, 24= rifampicin, 25= cefuroxime axetil,
26= benzathine penicillin G, 27=penicillin V,
28= cloxacillin, 29= ceftriaxone, 30=norfloxacin,
31= nitrofurantoin, 32= griseofulvin).
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3.2. Screening method development and optimization

The screening method was developed and optimized based on the
quantification method. By applying the mobile phases of the

quantification method (A: 0.01% formic acid in water and B: ACN),
ceftriaxone (100 µg/mL) could not be detected by MS. In order to ac-
quire sufficient ionization and higher sensitivity, the mobile phases
have been modified to 0.1% formic acid in water as mobile phase A and

Fig. 2. Overlay of LC-MS2 total ion chromatograms of 35 antimicrobials and 1 beta-lactamase inhibitor (1= cefepime, 2= clavulanic acid, 3= amoxicillin,
4=cefadroxil, 5= lincomycin, 6= ceftazidime, 7= cefaclor and trimethoprim, 8= cefalexin and ampicillin, 9= cefradine and polymyxin B1, 10= ofloxacin,
11=norfloxacin, 12= tetracycline and ciprofloxacin, 13= azithromycin, 14= ceftriaxone and cefotaxime, 15= clindamycin and nitrofurantoin, 16=bacitracin,
17=doxycycline, 18= erythromycin and cefazolin, 19= clarithromycin, 20= roxithromycin, 21= sulfamethoxazole, 22=penicillin G, rifampicin and cefur-
oxime axetil, 22(2)= benzathine (of benzathine penicillin G), 23=penicillin V, 24= griseofulvin, 25= cloxacillin, 26= gentamicin and neomycin).

Table 4
Characteristics of antimicrobials by LC-MS2 (m/z: mass-to-charge ratio).

Name Monoisotopic mass (Da) Chemical formula Retention time LOD* (µg/mL) Adduct m/z

Amoxicillin 365.10 C16H19N3O5S 5.0 2.5 [M+H]+ 366.1
Ampicillin 349.11 C16H19N3O4S 6.6 1 [M+H]+ 350.1
Azithromycin 748.51 C38H72N2O12 8.1 1 [M+2H]2+ 375.2
Bacitracin 1421.75 C66H103N17O16S 8.7 1 [M+3H]3+ 475.0
Benzathine 240.16 C16H20N2 2.0 10 [M+H]+ 241.0
Benzylpenicillin 334.10 C16H18N2O4S 11.2 0.25 [M+H]+ 335.1
Cefaclor 367.04 C15H14ClN3O4S 6.4 1 [M+H]+ 368.0
Cefadroxil 363.09 C16H17N3O5S 5.2 1 [M+H]+ 364.0
Cefepime 480.13 C19H24N6O5S2 4.6 5 [M+H]+ 481.1
Cefotaxime 455.06 C16H17N5O7S2 8.2 1 [M+H]+ 456.0
Ceftazidime 546.10 C22H22N6O7S2 6.1 2.5 [M+2H]2+ 274.0
Ceftriaxone 554.05 C18H18N8O7S3 7.9 25 [M+H]+ 555.0
Cefuroxime axetil 510.11 C20H22N4O10S 11.7/12.3 1 [M+Na]+ 533.1
Cefalexin 347.09 C16H17N3O4S 6.6 2.5 [M+H]+ 348.1
Cefazolin 454.03 C14H14N8O4S3 9.2 5 [M+H]+ 455.0
Cefradine 349.11 C16H19N3O4S 7.1 1 [M+H]+ 350.1
Ciprofloxacin 331.13 C17H18FN3O3 7.4 0.25 [M+H]+ 332.1
Clarithromycin 747.48 C38H69NO13 10.2 0.1 [M+H]+ 748.5
Clavulanic acid 199.05 C8H9NO5 4.7 15 [2M-H]- 396.8
Clindamycin 424.18 C18H33ClN2O5S 8.5 0.1 [M+H]+ 425.2
Cloxacillin 435.07 C19H18ClN3O5S 13.2 1 [M+H]+ 436.0
Doxycycline 444.15 C22H24N2O8 8.9 0.1 [M+H]+ 445.1
Erythromycin A 733.46 C37H67NO13 9.5 0.5 [M+H]+ 734.5
Gentamicin 477.32 C21H43N5O7 1.0 10 [M+H]+ 478.3
Griseofulvin 352.07 C17H17ClO6 12.6 1 [M+H]+ 353.0
Lincomycin 406.21 C18H34N2O6S 5.4 0.1 [M+H]+ 407.2
Neomycin 614.31 C23H46N6O13 0.9 10 [M+H]+ 615.3
Nitrofurantoin 238.03 C8H6N4O5 8.3 5 [M-H]- 236.8
Norfloxacin 319.13 C16H18FN3O3 7.2 1 [M+H]+ 320.0
Ofloxacin 361.14 C18H20FN3O4 7.2 0.1 [M+H]+ 362.1
Penicillin V 350.09 C16H18N2O5S 12.3 2.5 [2M-H]- 699.3
Polymyxin B1 1202.75 C56H98N16O13 6.9 25 [M+3H]3+ 402.0
Rifampicin 822.41 C43H58N4O12 11.8 0.25 [M+H]+ 823.4
Roxithromycin 836.52 C41H76N2O15 10.3 0.1 [M+H]+ 837.5
Sulfamethoxazole 253.05 C10H11N3O3S 10.2 0.5 [M+H]+ 253.9
Tetracycline 444.15 C22H24N2O8 7.5 0.1 [M+H]+ 445.1
Trimethoprim 290.14 C14H18N4O3 6.5 0.1 [M+H]+ 291.0

* LOD was measured in the total ion chromatogram (TIC).
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0.1% formic acid in ACN as mobile phase B. In this case, all 36 com-
pounds could be detected. The injection volume was decreased from
5 µL to 2 µL due to higher sensitivity of the MS detector compared to the
DAD detector. The column temperature was kept at 25 °C. To optimize
the screening method, the flow rate was increased from 0.2mL/min to
0.3 mL/min. The LC gradient of the quantification method was further
refined for a shorter analysis time which should be achievable due to
the additional selectivity of MS. Moreover, the elution profiles of the
different antimicrobials were not altered too much so that the link was
kept between the screening and the quantification method. The initial
isocratic elution of 99% A lasted for 1min instead of 5min, then 99% A
linearly decreased to 85% within 4min and further decreased to 25%
within 10min. Subsequently, online column cleaning with 1% mobile
phase A was maintained for 1.5 min. The total runtime decreased from
32min to 18min (including washing and re-equilibration). A typical
LC-MS2 total ion chromatogram obtained by the optimized method is
shown in Fig. 2.

3.3. Validation of the screening method

3.3.1. Sensitivity
The sensitivity was evaluated based on the SDL, which was mea-

sured by the maximum value of the limit of detection (LOD) as ex-
plained in Section 3.4.2 among all compounds. The LOD values of all
compounds were determined in the total ion chromatogram (TIC) and
are presented in Table 4. The SDL was set at 25 µg/mL for the necessary
sensitivity of the screening method.

3.3.2. Selectivity and matrix effect
The selectivity was confirmed by the retention time of each anti-

microbial and their corresponding MS spectra. A 0.3 Da tolerance on
the MS and the MS2 spectra was considered acceptable. An in-house LC-
MS2 screening library was constructed by analysis of working solutions
(0.1mg/mL). The screening library comprised the theoretical mono-
isotopic exact mass, the mass-to-charge ratio (m/z) of the adduct with
the most intense signal for each compound (shown in Table 4), the MS
spectrum and the MS2 spectrum. Compounds eluting at the same time

Fig. 3. Overlay of UHPLC-MS2 total ion chromatograms in the positive mode of antimicrobials in their corresponding solvent. A: the group of compounds dissolved in
methanol, B in methanol/H2O mixture (50:50, v/v), C in methanol/H2O with 1% HCOOH mixture (20:80, v/v) (1= trimethoprim, 2= azithromycin, 3= ery-
thromycin, 4= sulfamethoxazole, 5= penicillin G, cefuroxime axetil and rifampicin, 5(2)= benzathine (of benzathine penicillin G), 6= cefepime, 7= amoxicillin,
8= cefadroxil, 9= lincomycin, 10= ceftazidime, 11= cefaclor, 12= cefalexin and ampicillin, 13= cefradine and polymyxin B1, 14= tetracycline, 15= cef-
triaxone, 16= cefotaxime, 17= clindamycin, 18= doxycycline, 19= cefazolin, 20= roxithromycin, 21=penicillin V, 22= cloxacillin, 23= gentamicin and
neomycin, 24=ofloxacin, 25= ciprofloxacin, 26= bacitracin, 27= clarithromycin, clavulanic acid was monitored in the negative mode).
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could be distinguished based on their different MS data. Additionally,
21 negative samples (containing only matrix components) and 36
samples (composed of matrix components spiked with the different
antimicrobials) were analyzed. No false positives or false negatives
could be observed, i.e. no antimicrobials were detected in the blank
samples, while all targeted antimicrobials could be found in the spiked
samples at a SDL level.

Overlay of total ion chromatograms of the solutions of anti-
microbials and three matrices spiked with antimicrobials are shown in
Fig. 3. It could be proved that no ion suppression occurred and that the
matrices had a limited influence on the retention times (all shifts being
less than 0.3 min). As for the matrix effect of syrup, methylparaben
showed no interference with any antimicrobial. However, sucrose and
maltodextrin had the same retention time as benzathine penicillin G,
and the same was found for propylparaben and cloxacillin. Even though
benzathine penicillin G and cloxacillin co-eluted with syrup excipients,
they had different MS and MS2 spectra. To conclude, the compound can
be identified if it meets the screening criteria, which are: the shift of the
retention time is less than or equal to 0.5min (compared with the re-
ference standard), m/z of the mother ion is equal to this in the in-house
library (error tolerated: 0.3 Da) and the MS2 spectrum matches at least
85% with the reference spectrum (fragment ions and their relative in-
tensities) of the in-house library.

3.4. Validation of the quantification method

The quantification method was validated based on the screening
results of positive hits of suspected illegal antimicrobials. In total, 57
suspected illegal antimicrobials were screened by applying the vali-
dated screening method. The results confirmed that amoxicillin, cefa-
lexin, penicillin V, tetracycline, ampicillin, ciprofloxacin, ofloxacin,
roxithromycin, clavulanic acid, benzathine penicillin G, ceftriaxone,
doxycycline, griseofulvin, nitrofurantoin, norfloxacin, trimethoprim
and sulfamethoxazole were indeed present in the respective illegal
samples. Hence, the quantification method was validated for these 17
compounds (full validation for 12 and reduced validation for 5 com-
pounds as explained in Section 2.5.2) and afterwards applied to quan-
tify illegal antimicrobial samples. The method was validated for these
17 compounds at different wavelengths (See Table 1) selected based on
the peak shapes and the absence of interference in the chromatogram.

3.4.1. Selectivity
To evaluate the method selectivity, the retention time and the UV

spectrum of each compound were determined and monitored for 17

compounds. Constant retention times and selective UV spectra con-
firmed the method selectivity.

3.4.2. Limits of detection and quantification
LOD and the limit of quantification (LOQ) were determined ac-

cording to the European Pharmacopoeia and the International Council
on Harmonization (ICH) [18,31]. LOD and LOQ were obtained via ex-
periments of serial dilutions. In general, signal-to-noise ratios of 3 and
10 are regarded as LOD and LOQ, respectively. The LOD and LOQ of
these 17 compounds are given in Table 5. Ceftriaxone had the highest
LOQ, 100 µg/mL, which was sufficient for its quantification.

3.4.3. Linearity of the calibration lines
Ordinary least square linear regression was used to construct the

calibration curves. The linearity was evaluated through R2 values, the
quality coefficient (QC) and the p-values of the lack-of-fit (LOF) test.
The latter is needed since R2 values and QC individually are not ade-
quate enough to confirm the linearity. After being verified by the LOF
test, the limits of R2 ≥ 0.995 and QC ≤2.5% can be adopted for the
system suitability test [32]. Within the selected calibration ranges, all
17 compounds had R2 values higher than 0.999, QC values below 2.5%
and p-values of the LOF test above 0.05, as summarized in Table 5.

3.4.4. Linearity, trueness, precision and accuracy
Following ISO-17025, the developed method was validated by

building accuracy profiles based upon the ‘’total error’’ approach
[23,24] for the first set of positive illegal samples consisting of amox-
icillin, cefalexin, penicillin V, tetracycline, ampicillin, ciprofloxacin,
ofloxacin, roxithromycin, clavulanic acid, benzathine penicillin G, cef-
triaxone and doxycycline. The accuracy profiles of these 12 compounds
(shown in Fig. 4) are plotted to assess the present and future accuracy of
the method. A reduced validation was performed for the other five
antimicrobials as mentioned in Section 2.5.2.

3.4.4.1. Linearity of the results. It is compulsory that the theoretical
concentration is linearly linked to the measured concentration [27,33].
With the investigation of the linear relationship for the 12 compounds
individually, the results suggested that the relationship was linear since
the R2 values were above 0.9999 with an equation being close to y= x.

3.4.4.2. Trueness. In ISO guideline 5725, the trueness is defined as the
closeness of agreement between the mean of a number of test results
and the actual (true) value [34]. It is an estimate of the systematic error
of the method and is indicated as relative bias. For the current method,
the trueness is satisfactory since the maximum absolute value of the
relative bias is 3.3% (See Table 6). All the relative biases for the 12
investigated compounds are located within the error limits of [−5%,
5%].

3.4.4.3. Precision. The precision of an analytical method is an estimate
of the margin of random errors. It describes the closeness of agreement
between a series of repeated measurements under the prescribed
conditions [25]. The precision is expressed as the relative standard
deviation (RSD) and may be considered at three levels: repeatability,
intermediate precision and reproducibility. In this study, we
investigated the intraday precision (repeatability) and the interday
precision (intermediate precision). The repeatability of the method
evaluates the precision under the same operating conditions in a short
time interval, which was acquired from the RSD values of the triplicate
measurements at each concentration level. The intermediate precision
describes the within-laboratory variations, which is normally
investigated on different days using different equipment and different
analysts, though only the factor of the different days was taken into
account here, due to practical reasons [26].

The results are shown in Table 6. The RSD of repeatability and in-
termediate precision are below 1.3% and 1.7%, respectively. In

Table 5
Validation parameters of 17 compounds for the UHPLC-DAD quantification
method (QC: quality coefficient).

Compounds LOD
(µg/mL)

LOQ
(µg/mL)

Lack of fit R2 QC (%)

Amoxicillin 0.1 0.5 0.7445 0.9997 1.455
Ampicillin 0.1 0.4 0.7999 0.9996 1.816
Benzathine penicillin G 0.2 0.8 0.0957 0.9994 2.024
Ceftriaxone 30 100 0.1901 0.9991 1.545
Cefalexin 0.1 0.3 0.9752 0.9997 1.605
Ciprofloxacin 0.2 0.5 0.0807 0.9996 1.428
Clavulanic acid 0.2 0.6 0.1405 0.9993 1.686
Doxycycline 2.5 8.0 0.0596 0.9993 2.334
Ofloxacin 0.2 0.4 0.8658 0.9994 2.069
Penicillin V 0.5 1.5 0.2064 0.9997 1.432
Roxithromycin 2.0 7.0 0.1405 0.9998 1.259
Tetracycline (HCl) 0.5 2.0 0.0698 0.9992 2.495
Sulfamethoxazole 0.1 0.3 0.1813 0.9994 2.116
Trimethoprim 1.0 2.5 0.2232 0.9997 1.639
Nitrofurantoin 0.1 0.3 0.0557 0.9994 2.116
Norfloxacin 0.1 0.3 0.1883 0.9998 1.274
Griseofulvin 0.5 2.0 0.1017 0.9999 0.655
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Fig. 4. Accuracy profiles of all 12 compounds with 95% β. Relative bias (dashed blue line), β-expectation tolerance limits (dashed green line),± 5% acceptance
limits (solid red line) and relative back-calculated concentrations (dots).
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conclusion, the precision of the method is acceptable for all compo-
nents.

3.4.4.4. Accuracy. To evaluate the accuracy of the analytical method,
the β-expectation tolerance intervals were calculated based on the
results of trueness and precision [24–26]. Accuracy takes the total error
of the test results into consideration and predicts the future
measurements. The acceptance limits of licensed pharmaceutical
products are [−5%, 5%], which is the same as the manufacturing
limit [24]. The accuracy profiles for the 12 selected compounds are
shown in Fig. 4. The obtained accuracy profiles indicate that 95% (β) of
the sample measurements in the future will be located within the bias
limit of [−5%, 5%], which is acceptable for the intended use.

The measurement uncertainty describes the dispersion of the values
that can be rationally ascribed to the analyte. The expanded uncertainty
is determined with a 95% confidence level, representing an interval in
which the unknown true value can be obtained. The relative expanded
uncertainty as illustrated in Table 6 is calculated by dividing the ex-
panded uncertainty by the corresponding concentration. The maximum
value of relative expanded uncertainty was 3.7%, which is acceptable
and reasonable for the analysis of counterfeit antimicrobials.

3.4.5. Reduced validation procedure
Some illegal samples were received after the validation of the

quantification method was finalized already. As no major problems
were arisen for the first 12 compounds, it was decided to apply a re-
duced validation in terms of selectivity, LOD, LOQ, linearity and re-
covery for sulfamethoxazole, trimethoprim, norfloxacin, nitrofurantoin
and griseofulvin. LOD, LOQ and linearity data are given in Table 5. The
recovery test was performed on the simulated tablet for each anti-
microbial separately. The preparation procedure has been explained in
Section 2.3.2.2. All recoveries were 98% or higher (Table 3), indicating
that the sample treatment procedure is also suitable for these anti-
microbials.

3.5. Market study

In total, 57 illegal antimicrobials were collected. They contained 23
samples of amoxicillin, 9 samples of amoxicillin with clavulanic acid
and 6 samples of azithromycin. Two samples were received for ampi-
cillin, doxycycline, tetracycline and sulfamethoxazole with trimetho-
prim, respectively. For the rest of the 11 antimicrobials, 1 sample of
each was collected.

3.5.1. Identification of suspected illegal antimicrobials
The validated screening method was applied to the 57 seized sam-

ples. The result indicated that these 57 samples were all positive for the
claimed API.

3.5.2. Quantification of the suspected illegal antimicrobials
All suspected illegal antimicrobial samples that were positive for the

indicated API could be successfully quantified using the validated
UHPLC-DAD method, except for erythromycin and azithromycin. As
mentioned in Section 3.1, these were quantified using the methods for
related substances described in the European Pharmacopoeia [18]. The
quantification results of the 57 samples are shown in Table 7, in which
49% of the samples contained amounts of API out of the limits of [95%,
105%]: 46% of the 57 samples were underdosed (ranging from 14.1%
to 94.4%), while 3% were overdosed. Nine out of the 23 samples of
amoxicillin drug products had unqualified contents ranging from 82.5%
to 94.0%. Seven out of the 9 samples containing amoxicillin and cla-
vulanic acid were severely underdosed for clavulanic acid. These
findings concur previous ones indicating that samples containing this
molecule were more prone to degradation [35]. This phenomenon was
attributed to the chemical nature of clavulanic acid and could be the
results of non-standard manufacturing, distribution or storageTa
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procedures. Two samples of ampicillin, two samples of trimethoprim,
one out of the two doxycycline samples, two out of 6 samples of azi-
thromycin, one sample of erythromycin and one sample of ofloxacin
were also found to contain insufficient API. An overview report in-
dicated that 93% (14/15) of the studies concerning SF-antimicrobials
addressed similar findings of insufficient amounts of API [36]. Under-
dosed antimicrobials show a lower efficacy and so may aggravate ill-
ness of patients and induce bacterial resistance [7]. In such a way, a
potential threat may be posed to the public health.

4. Conclusion

A suitable LC-system for analysis of counterfeit antimicrobials was
developed, optimized and validated for the identification via MS and
quantification via UV/DAD. In this framework, a fast UHPLC-MS2

screening method taking 18min was developed for the identification of
35 antimicrobials and 1 beta-lactamase inhibitor. This method has been
validated in terms of selectivity, sensitivity and matrix effects. In ad-
dition, a UHPLC-DAD quantification method with an analysis time of
32min was developed for 31 antimicrobials and 1 beta-lactamase in-
hibitor. Neomycin, gentamicin, erythromycin and azithromycin were
excluded from the quantification method due to their insufficient UV
absorbance. The quantification method was validated for samples
yielding positive hits in the screening test. As a result, it was validated
for 16 antimicrobials and 1 beta-lactamase inhibitor through a full or
reduced validation process.

The validated screening method and quantification method have
been successfully applied to 57 suspicious illegal antimicrobials seized
by FAMHP. All suspected samples contained the indicated API. Whereas
about half of the suspected illegal antimicrobials displayed sufficient
amounts of API, some (3%) were overdosed, while others (46%) ex-
pressed insufficient amounts of API. It was noticed that suspected
samples of amoxicillin with clavulanic acid had a quality issue since
most of them were underdosed for the beta-lactamase inhibitor.

Taken together, the two described methods demonstrate that they
are suitable for quality control of both legal and illegal antimicrobials.
They are fast, not labor intensive and make it possible to analyze a wide
range of antimicrobials simultaneously, enabling a more in-dept ana-
lysis of these SF-antimicrobials.
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