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ARTICLE INFO ABSTRACT

Keywords: Since coronavirus disease 2019 (COVID-19) started as a fast-spreading pandemic, causing a huge number of
SARS-CoV-2 deaths worldwide, several therapeutic options have been tested to counteract or reduce the clinical symptoms of
Antivirals patients infected with the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Currently, no specific

Analytical methods
Biological matrices
Mass spectrometry
Liquid chromatography

drugs for COVID-19 are available, but many antiviral agents have been authorised by several national agencies.
Most of them are under investigation in both preclinical and clinical trials; however, pharmacokinetic and
metabolism studies are needed to identify the most suitable dose to achieve the desired effect on SARS-CoV-2.
Therefore, the efforts of the scientific community have focused on the screening of therapies able to coun-
teract the most severe effects of the infection, as well as on the search of sensitive and selective analytical
methods for drug detection in biological matrices, both fluids and tissues. In the last decade, many analytical
methods have been proposed for the detection and quantification of antiviral compounds currently being tested
for COVID-19 treatment. In this review, a critical discussion on the overall analytical procedure is provided, i.e
(a) sample pre-treatment and extraction methods such as protein precipitation (PP), solid-phase extraction (SPE),
liquid-liquid extraction (LLE), ultrasound-assisted extraction (UAE) and QUEChERS (quick, easy, cheap, effec-
tive, rugged and safe), (b) detection and quantification methods such as potentiometry, spectrofluorimetry and
mass spectrometry (MS) as well as (c) methods including a preliminary separation step, such as high performance
liquid chromatography (HPLC) and capillary electrophoresis (CE) coupled to UV-Vis or MS detection. Further
current trends, advantages and disadvantages and prospects of these methods have been discussed, to help the
analytical advances in reducing the harm caused by the SARS-CoV-2 virus.

Abbreviations: ACN, acetonitrile; AD, absolute deviation; ADME, adsorption, distribution, metabolism, and elimination; BeWos, human placental choriocarcinoma
trophobplast cells; CE, capillary electrophoresis; CHCA, a-cyano-4-hydroxycinnamic acid; CRMs, certified reference materials; CSF, cerebrospinal fluid; CV, coeffi-
cient of variation; DEV, deviation from nominal concentration value; DHB, 2,5-dihydroxybenzoic acid; d-SPE, dispersive-sold-phase extraction; EMA, European
Medicines Agency; Err, absolute value of the relative error; ESI, electrospray ionization; FDA, Food and Drug Administration; FL, fluorescence; HILIC, hydrophilic
interaction liquid chromatography; HLB, hydrophilic-lipophilic balance; ICH, International Conference on Harmonization; LC, liquid chromatography; LLE, liquid-
liquid extraction; LOD, limit of detection; LLOQ, lower limit of quantification; LOQ, limit of quantification; MALDI, matrix-assisted laser desorption/ionization; MCX,
mixed-mode cationic exchange; MLC, micellar liquid chromatography; MRM, Muliple Reaction Monitoring; MSI, MALDI-MS Imaging; MTBE, methyltertbutyl ether;
MS, mass spectrometry; NRTIs, nucleoside reverse transcriptase inhibitors; OSP, oseltamivir phosphate; PBA, phenylboronic acid; PBMCs, peripheral blood mono-
nuclear cells; Ph. Eur, European Pharmacopoeia; Pls, protease inhibitors; PMA, phosphomolybdic acid; PP, protein precipitation; PSA, primary-secondary amine; Q,
QuEChERS; QC, quality control; Q-MSI, quantitative MALDI-MS Imaging; RdRpls, RNA polymerase inhibitors; RE, relative error; RSD, relative standard deviation;
SDS, sodium dodecyl sulfate; SPE, solid-phase extraction; SRM, Selected Reaction Monitoring; TDM, therapeutic drug monitoring; TCA, trichloroacetic acid; UAE,
ultrasound assisted extraction; UHPLC, ultra-high performance liquid chromatography.

* Corresponding author.

E-mail addresses: maria.acquavia@unibas.it (M.A. Acquavia), luca.foti@unibas.it (L. Foti), raff.pascale@gmal.com (R. Pascale), antonia.nicolo@studenti.unibas.it
(A. Nicolo), vincenzo.brancaleone@unibas.it (V. Brancaleone), tommaso.cataldi@uniba.it (T.R.L. Cataldi), giuseppe.martelli@unibas.it (G. Martelli), laura.scrano@
unibas.it (L. Scrano), giuliana.bianco@unibas.it (G. Bianco).

https://doi.org/10.1016/j.talanta.2020.121862
Received 22 August 2020; Received in revised form 30 October 2020; Accepted 2 November 2020

Available online 5 November 2020
0039-9140/© 2020 Elsevier B.V. All rights reserved.


mailto:maria.acquavia@unibas.it
mailto:luca.foti@unibas.it
mailto:raff.pascale@gmal.com
mailto:antonia.nicolo@studenti.unibas.it
mailto:vincenzo.brancaleone@unibas.it
mailto:tommaso.cataldi@uniba.it
mailto:giuseppe.martelli@unibas.it
mailto:laura.scrano@unibas.it
mailto:laura.scrano@unibas.it
mailto:giuliana.bianco@unibas.it
www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2020.121862
https://doi.org/10.1016/j.talanta.2020.121862
https://doi.org/10.1016/j.talanta.2020.121862
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2020.121862&domain=pdf

M.A. Acquavia et al.
1. Introduction

A new coronavirus infection, designated as COVID-19 by the World
Health Organization (WHO), emerged in December 2019 in Wuhan
(Central China) [1], and then it rapidly spread worldwide, thus
becoming a pandemic emergency, which forced most of the countries to
take drastic actions of containment. As in the case of the severe acute
respiratory syndrome (SARS) and the middle east respiratory syndrome
(MERS), the virus of COVID-19 pandemic is formally associated with
SARS coronavirus 2 (SARS-CoV-2), which affects the lower respiratory
tract, manifesting as pneumonia in humans [2]. Even though neither a
vaccine nor an effective antiviral treatment is available for humans,
several drugs are currently undergoing clinical studies to test their ef-
ficacy and safety to treat the clinical symptoms of patients infected with
SARS-CoV-2. The infected subjects have received off-label therapies
such as chloroquine, hydroxychloroquine, azithromycin, interferon,
steroids, monoclonal antibodies, anti-IL-6 inhibitors and other drugs
approved for different infections, including Ebola, malaria, influenza,
myelofibrosis, hypertension, rheumatoid arthritis, and acquired im-
mune deficiency syndrome (AIDS) [3-5]. A huge number of antivirals
have been tested both in in vitro studies and in authorised clinical trials.
From a biochemical standpoint, most of them are protease inhibitors
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(PIs), i.e. darunavir, indinavir, lopinavir, ritonavir and saquinavir
(Fig. 1) [6-10], thus preventing viral replication by selectively binding
to viral proteases and blocking proteolytic cleavage of protein pre-
cursors that are necessary to produce infectious viral particles. Some
others, like favipiravir, remdesivir and galidesivir [11-13] are
RNA-dependent RNA polymerase inhibitors (RdRpls), as they avoid RNA
replication from an RNA template catalysed by RNA polymerase
(Fig. 2A). Favipiravir (6-fluoro-3-hydroxy-2-pyrazincarboxamide) is a
carboxyamide derivative of pyrazine approved in Japan for treating
influenza, but it is also active against various flu viruses, including the
avian virus A (H7N9) and a paramyxovirus, respiratory syncytial virus
[11]. Remdesivir, a monophosphoramidate prodrug, is an adenine
nucleotide analogue, has been tested in 2015 in healthy volunteers to
treat the Ebola virus disease [14]. Besides the families of PIs and RdRpIs
as antivirals, other drugs used in therapy that belong to reverse tran-
scriptase inhibitors (i.e., emtricitabine and tenofovir, Fig. 2B), neur-
aminidase enzyme inhibitors (i.e. oseltamivir, Fig. 3A), RNA synthesis
inhibitors (i.e. ribavirin, Fig. 3B), CAP-dependent endonuclease in-
hibitors (i.e. baloxavir-marboxil, Fig. 3C), and a membrane fusion in-
hibitors (umifenovir, Fig. 3D) [11,13,15-18].

A literature screening of these drugs showed that many analytical
techniques are used for their detection and quantification in biological

PROTEASE INHIBITORS (PIs)

Indinavir

hydroxy-2,3-dihydro-1H-inden-1-
yl]amino]-5-oxopentyl]-N-tert-butyl-4-
(pyridin-3-ylmethyl)piperazine-2-
carboxamide

e [UPAC Name: (25)-1-[(2S,4R)-4-benzyl-2- hydroxy 5-[[(1S,2R)-2-

Darunavir

e [UPAC Name: [(3aS,4R,6aR)-
2,3,3a,4,5,6a-hexahydrofuro[2,3-
b]furan-4-yl] N-[(2S,3R)-4-[(4-
aminophenyl)sulfonyl-(2-
methylpropyl)amino]-3-hydroxy-1-

e pKa values: 3.48

e Chemical formula: C3sH47N504 phenylbutan-2-yl]carbamate

e Molecular weight: 613.8 g/mol e Chemical formula: C27H37N307S

e logP value: 2.9 e Molecular weight: 547.7 g/mol

e pKavalues: 3.8; 6.2 e logP value: 1.89 NH,

e pKavalues: 11.43+0.46 Q

Ritonavir 0 /=

e [UPAC Name: 1,3-thiazol-5-ylmethyl N0
N-[(28,38,5S)-3-hydroxy-5- HO.
[[(2S)-3-methyl-2-[[methyl- - NH
[(2-propan-2-yl-1,3-thiazol-4- (W 0
yl)methyl]carbamoyl]amino] o
butanoyl]amino]-1,6-diphenylhexan- o-1~d
2-yl]carbamate H

e Chemical formula: C37H4sNsOsS2 Lovinavic

e Molecular weight: 720.9 g/mol . plUPAC Name: (2S)-N-[(2S 4S.5S)-

e logP value: 3.9 5-[[2-(2,6- ' o

dimethylphenoxy)acetyl]Jamino]-4-
hydroxy-1,6-diphenylhexan-2-yl]-3-

methyl-2-(2-oxo0-1,3-diazinan-1-

Saquinavir

e [UPAC Name: (2S)-N-[(2S,3R)-4-[(3S,4aS,8aS)-
3-(tert-butylcarbamoyl)-3,4,4a,5,6,7,8,8a-
octahydro-1H-isoquinolin-2-yl]-3-hydroxy-1-
phenylbutan-2-yl]-2-(quinoline-2-

e  Chemical formula: C3sHsoNsOs
e Molecular weight: 670.8 g/mol
e logP value: 3.8 NS
e pKavalues: 1.1; 7.1 #

carbonylamino)butanediamide A

yl)butanamide
Chemical formula: C37H4gN4Os5
Molecular weight: 628.8 g/mol

logP value: 5.94 NH
pKa values: 2.8 (N\’go

o
e o o o

Fig. 1. Structures, chemical formula and chemical properties (octanol-water partition coefficients, i.e. logP, and acid dissociation constants, i.e. pKa) of antivirals
belonging to the class of protease inhibitors (PIs) tested for COVID-19 treatment, i.e. indinavir, ritonavir, saquinavir, darunavir and lopinavir.
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samples of both human and animal origin. Most studies concerning
quantification in animal tissues were aimed at detecting trace residues of
antivirals used in livestock farming for the fast increase in animal
growing [19,20]. The huge administration to animals of antiviral drugs
leads to severe issues, including poisoning and immunosuppression
[20]. To minimise these risks, in 2006 the Food and Drug Administration
(FDA) prohibited on the extra-label use of antiviral agents such as
oseltamivir in poultry. Instead, the research work in human biological
fluids is strongly required to support the pharmacokinetic and metabolic
studies. In detail, suitable analytical methodologies are needed for the
sensitive quantification of these drugs and their metabolites in bio-fluids
and tissues, to follow their adsorption, distribution, metabolism, and
elimination (ADME) [21]. Moreover, the determination in biological
matrices is also helpful in the development of new drugs, bioequivalence
studies, toxicological analysis and therapeutic drug monitoring (TDM)
[22]. TDM is defined as the continuous clinical laboratory monitoring of
drug concentrations in various biological fluids during pharmaceutical
administration to select the best therapeutic dose and duration of
treatment for optimal patient benefit [23], thus avoiding therapeutic
failure. In this context, a review focusing on the analytical methods
developed for COVID-19 antiviral drugs detection in biological matrices
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is helpful to best know their ADME behavior. Due to the complexity of
the biological samples and the low concentration of molecules of in-
terest, sensitive and selective methods are demanded [24].

Here, we discuss the most recent and relevant literature, published in
the period between 2010 and 2020, dealing with the analytical deter-
mination of antiviral drugs, currently tested for SARS-CoV-2 treatment,
in human and animal biological samples. A special focus was addressed
to method validation parameters, sample pre-treatment to remove
endogenous interferences, drug extraction, chromatographic separation,
and UV-Vis or MS detection. Such an overview would help the scientific
community engaged on novel coronavirus studies for pharmacokinetics
and drug monitoring scopes.

2. Method validation in pharmaceutical analysis of COVID-19
antiviral drugs in biological fluids and tissues

Analytical method validation is defined as the systematic process of
establishing that an analytical method is acceptable for its intended
purpose [25]. It demonstrates that a defined method protocol applies to
a specified analyte with a defined concentration level and to a specified
complex matrix and it represents the first level of quality control in the

A RNA-DEPENDENT RNA POLYMERASE INHBITORS (RdRpls)

Favipiravir

o [UPAC Name: 5-fluoro-2-oxo-1H-
pyrazine-3-carboxamide

Chemical formula: CsH4FN30;
Molecular weight: 157.1 g/mol
logP value: 0.25; 0.49*

pKa values: 5.1

*predicted properties

Remdesivir

o IUPAC Name: 2-ethylbutyl (25)-2-
[[[(2R,3S,4R,5R)-5-(4-aminopyrrolo
[2,1-£][1,2,4]triazin-7-yl)-5-cyano-
3,4-dihydroxyoxolan-2-yl|methoxy-

il ] phenoxyphosphoryl]amino]propano

N ate

e  Chemical formula: C27H35NgOgP

e Molecular weight: 602.6 g/mol

o logP value: 2.01; 2.2%*

o pKavalues: 0.65; 10.23*

Galidesivir

e IUPAC Name: (25,3S,4R,5R)-
2-(4-amino-5H-pyrrolo[3,2-d]
pyrimidin-7-yl)-5-(hydroxymethyl)
pyrrolidine-3,4-diol

e Chemical formula: C;1HisNsO3

o Chemical formula: CsH10FN303S Ao
e Molecular weight: 247.25 g/mol \SJ»
o logP value: -0.43

e pKa values: 2.65 Ho

o Molecular weight: 265.27 g/mol 2NN \;L O\H %0 o

o logP value: -2.1; -1.2* Nﬁ/\u U N o

«  pKa values: 8.46; 12.95* *predicted properties © =

N\
*predicted properties
B REVERSE TRANSCRIPTASE INHIBITORS

Emtricitabin Tenofovir

o IUPAC Name: 4-amino-5-fluoro- . iz e IUPAC Name: [(2R)-1-(6-aminopurin-9-yl)propan-2-
1-[(2R,58)-2-(hydroxymethyl)- fN ylJoxymethylphosphonic acid
1,3-oxathiolan-5-yl]pyrimidin-2-one N/[%O NH,

e Molecular weight: 287.21 g/mol N‘K N

e  Chemical formula: CoH14NsO4P ’t
S
7N

e logP value: -1.6
e pKavalues: 3.8; 6.7

Fig. 2. Structures, chemical formula and chemical properties (octanol-water partition coefficients, i.e. logP, and acid dissociation constants, i.e. pKa) of antivirals
belonging to the class of RNA-dependend RNA-polymerase inhibitors (A), i.e. favipiravir, remdesivir and galidesivir, and to the class of reverse transcriptase in-

hibitors (B), i.e. emtricitabin and tenofovir, tested for COVID-19 treatment.
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laboratories [26]. Quality control is an essential operation for pharma-
ceutical analysis. The demonstration of the suitability of an analytical
method for the quantification of drug compounds is of great importance
to ensure their occurrence in biological matrices. Besides, the validation
of bioanalytical methods employed for the quantitative determination of
drugs and their metabolites in biological matrices plays a key role in the
evaluation of bioavailability, bioequivalence, pharmacokinetic and
toxicokinetic studies [27].

Several guidelines can be used to validate a bio-analytical method for
drug quantification in biological matrices: the Food and Drug Admin-
istration (FDA) guidelines, the European Medicines Agency (EMA)
guidelines, the International Conference on Harmonization (ICH)
guidelines and the European Pharmacopoeia (Ph. Eur.) are the most
important reference for the quality control of medicines. In addition, the
European Commission Decision 2002/657/EC provides a useful frame-
work for xenobiotic residue detection in animal tissues as well in their
products. All the mentioned validation guidelines list the analytical
parameters and the established acceptance criteria which should be
taken into account to define the method of interest as sensitive, accurate
and selective.

The analytical parameters commonly investigated for validation are
linearity, limit of detection (LOD) and limit of quantification (LOQ),
sensitivity, accuracy, precision, recovery and matrix effect [28]. Line-
arity evaluates the ability of the bioanalytical procedure to obtain test
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results directly proportional to the concentration of analyte in the
sample within the range of the standard curve [29]. As reported in the
FDA guidelines [28], the linear range of the method, i.e. the calibration
curve, should contain at least five standard points matrix-based, using
single or replicate aliquots. The LOD and LOQ are defined, respectively,
as the lowest amount of analyte that can be detected but not quantified
and the lowest amount of analyte which can be quantitatively deter-
mined with suitable precision and accuracy [30]; LOQ defines the
method sensitivity. The accuracy of a bioanalytical method is the
closeness between the observed and the nominal or known true value
and can be calculated for one day and between days [30,31]. It is
expressed either as percent absolute bias or relative error (% RE) [29].
Instead, the precision is the ability to produce reproducible results be-
tween series of measurements from homogeneous samples. Precision is
described as intra-day precision (i.e. repeatability) and inter-day preci-
sion (i.e. reproducibility) [30]. The precision is expressed as percent
coefficient of variation (% CV) or percentage relative standard deviation
(% RSD). Both accuracy and precision of a bioanalytical method need to
be determined using quality control (QC) samples prepared at concen-
tration levels covering the dynamic range of the method. Typically, QC
samples are prepared at four levels: at the lower limit of quantification
(LLOQQ), low (LQC), middle (MQC) and high (HQC) limits of quantifi-
cation [32]. The extraction efficiency of an analytical process, reported
as a percentage of the known amount of an analyte carried through the

A NEURAMINIDASE
INHIBITORS

Oseltamivir

o TUPAC Name: ethyl (3R,4R,5S5)-4
-acetamido-5-amino-3-pentan-3-
yloxycyclohexene-1-carboxylate

e  Chemical formula: C16H2sN>O4

e Molecular weight: 312.4 g/mol

e logP value: 0.95

o pKavalues: 7.7 J

C CAP-DEPENDENT
ENDONUCLEASE INHIBITORS

Baloxavir marboxil

e IUPAC Name: [(3R)-2-[(115)-7.8-
difluoro-6,11-dihydrobenzo[c][1]
benzothiepin-11-yl]
-9,12-dioxo-5-oxa-1,2,8-triazatricyclo

[8.4.0.0%] K s
tetradeca-10,13-dien-11-yl] F—/ 3 N

oxymethyl methyl carbonate \\)\i/zj
o Chemical formula: C27H23F2N307S /\N,N\?/\ o
»  Molecular weight: 571.6 g/mol L _I_n_J
o logP value: 2.24 ©

*predicted properties

o0 0
L o pKavalues: -0.6 5 Of
0o g
J _0
B RNA SYNTHESIS INHIBITORS D MEMBRANE FUSION
INHIBITORS

Ribavirin Umifenovir (Arbidol)

o [UPAC Name: 1-[(2R,3R,4S,5R)- e [UPAC Name: ethyl 6-bromo-4-
3,4-dihydroxy-5-(hydroxymethyl) [(dimethylamino)methyl]-5-hydroxy-
oxolan-2-yl]-1,2,4-triazole- 1-methyl-2-(phenylsulfanylmethyl)
3-carboxamide HoN indole-3-carboxylate

e Chemical formula: CsH12N4Os =0 o  Chemical formula: CoHsBrN,O3S

e Molecular weight: 244.2 g/mol g-‘{ e Molecular weight: 477.4 g/mol

e logP value: -1.85 W o logP value: 3.75; 4.97* [

. pKa values: -1.2; 11.88* Hoﬁo . pKa values: 6.01; 9.87* _N -

oy
HO. ~
IO S

*predicted properties Br Z f‘l\ S@

Fig. 3. Structures, chemical formula and chemical properties (octanol-water partition coefficients, i.e. logP, and acid dissociation constants, i.e. pKa) of antivirals
belonging to the class of: inhibitors of the neuraminidase enzyme (A), i.e. oseltamivir, RNA synthesis inhibitors (B), i.e. ribavirin, cap-dependent endonuclease
inhibitors (C), i.e. baloxavir marboxil and membrane fusion inhibitors (D), i.e. umifenovir, tested for COVID-19 treatment.
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Table 1 (continued)

Matrix effect

Recovery

Precision

Accuracy

Sensitivity

Linearity

Guideline

The accuracy should be within

+15% of the nominal

Recovery of the analyte does not

The precision (%CV) of the
concentrations determined at

The overall accuracy at each
concentration level should be
within +15% of the nominal
concentration, except at the

The accuracy of the back-

Acceptance
criteria

need to be 100%, but the extent

calculated concentrations of each
calibration standard should be

within +20% of the nominal

concentration and the precision

(%CV) should not be greater

of recovery of an analyte and of

the IS (if used) should be

consistent.

each level should not exceed 15%,
except at the LLOQ, where it
should not exceed 20%.

than 15% in all individual

matrix sources/lots.

LLOQ, where it should be within

+20%.

concentration at the LLOQ and

within +15% at all the other

levels.

Not described

Select 18 aliquots of a blank

Fortify matrix with the analyte (to
calculate repeatability) or CMR
(for reproducibility) to yield

Not described Accuracy is determined by

At least five levels (including
zero) should be used in the
construction of the curve

Method

European

material and fortify six aliquots

evaluating the trueness and the

Commission
Decision

at each of 1, 1,5 and 2 times the
minimum required performance
limit or 0,5, 1 and 1,5 times the
permitted limit. Then, analyze
the samples and calculate the
concentration present in each

precision of the method. Trueness
is evaluated by analysing six
replicates of the CRM. Then,
divide the detected mean

concentrations equivalent to 1,
1,5 and 2 times the minimum

2002/657/

EC

required performance limit or 0,5,
1 and 1,5 times the permitted

concentration by the certified

value (measured as

limit. At each level the analysis

sample to determine recovery as:
% Recovery = 100 x measured

content/fortification level.

should be performed with at least

six replicates analysed in

concentration) and multiply by
100, to express the trueness as a

percentage. If no CRM is

repeatability conditions or

reproducibility conditions.

available, instead of trueness, the
recovery can be determined.

/

The CV under reproducibility

/

Acceptance
criteria

conditions, shall not exceed the

level calculated by the Horwitz
Equation, or one half and two

thirds (repeatability)
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sample extraction and processing steps of the method, is known as re-
covery [33]. Higher values of recovery indicate high efficiency of
extraction procedure, higher sensitivity and accuracy of the bio-
analytical method. Extraction efficiencies up to 100% can be achieved
by the optimisation of the overall extraction protocol, including the pH
and polarity of the extraction solvents, as well as the sample quantity.
However, the recovery of the analyte from the biological matrix should
not be 100%, but it should be consistent over the dynamic range of the
method [32]. A biological matrix contains many interfering components
such as salts, phospholipids, proteins and other substances that affect the
results of the analyte quantification, for example, causing ion suppres-
sion or ion enhancement in LC-MS bioanalysis; therefore, the matrix
effect should be evaluated during method validation. Moreover, certi-
fied reference materials (CRMs) and internal standards are needed in a
laboratory’s quality control programme to develop and validate accu-
rate methods, thus ensuring traceable measurement results at a specified
working level.

To date, several methods have been developed and validated for the
analysis of antiviral drugs in biological fluids (e.g., urine, saliva, breast
milk, cerebrospinal fluid, seminal plasma), feces, cell lysates and tissues
according to the previously described guidelines. Furthermore, many
studies have been devoted to the dried samples (i.e. blood, plasma,
breast milk) spots [34-41]. However, a lack of standard validation
guidelines for drug quantification in dried samples spots is ascertained
[34]. Therefore, accepted bio-analytical methodology validation prac-
tices are typically followed in those cases. One of the major challenges
when developing a method for the quantification of pharmaceutical
compounds in bio-fluids and tissues is the practical issues related to
acquiring large volumes of sample for the preparation of calibration
standards and quality controls [42]. Although the calibration standards
should be prepared in the same biological matrix as the one that is going
to be analysed, by adding an internal standard as well [28], many
methods for antiviral drugs’ quantification have been validated in
aqueous solutions [20,43-49].

The methods used in the last decade for darunavir, indinavir, lopi-
navir, ritonavir, saquinavir, favipiravir, remdesivir, emtricitabine,
ribavirin, tenofovir, oseltamivir and umifenovir detection in biological
matrices are deepened in the next paragraphs. They were specific for a
single drug or, more commonly, for the simultaneous analysis of several
compounds, especially when they are used in the same therapy to
improve long-term efficacy and tolerability. However, the validation
parameters and the corresponding acceptance criteria are common to all
of them and they are listed in Table 1, which provides a comparison of
the guidelines [28,50-52] commonly used for the validation of methods
in the pharmaceutical analysis of COVID-19 antiviral drugs, in biological
fluids and tissues.

A method suitable for detecting and quantifying the drugs of in-
terest in a relatively short time is essential for an efficient monitoring
programme in biological matrices [53]. Irrespective of the type of
method, at least three steps are required, among them sample
pre-treatment and extraction, detection and quantification. In most
cases a preliminary separation step is ensured before detection.
Nevertheless, a description of each step of antiviral drugs analysis will
be provided below. Note that for galidesevir and baloxavir-marboxil no
studies are reported up to now.

3. Sample pre-treatment and extraction of COVID-19 antiviral
drugs

An efficient sample preparation for detecting drugs in biological
matrices should ensure recoveries as high as possible, remove poten-
tially interfering with endogenous compounds, be quick, easy and cost-
wise [54]. Typically it involves analytes extraction, clean-up and con-
centration before chromatographic separation [55].

Biological fluids, such as serum and plasma, as well as tissues are
complex mixtures because they contain proteins, lipids, salts and



M.A. Acquavia et al.

Talanta 224 (2021) 121862

Table 2
Techniques used for the extraction of antiviral drugs from biological matrices with their main advantages and drawbacks.
Extraction Matrices Advantages Drawbacks
technique
Protein Plasma samples, seminal plasma, cell lysates, Fastest and simplest extraction technique. It can Low selectivity; it could induce analytes co-
precipitation cerebrospinal fluid, mice vaginal lavage, saliva, be used also as sample pre-treatment before precipitation. It does not sufficiently remove
(PP) urine and breast milk. applying other extraction techniques. endogenous compounds such as lipids,
phospholipids and fatty acids.
Solid-phase Plasma, cell lysates, cerebrospinal fluid, chicken It combines extraction, clean-up and Slightly tedious and time-consuming extraction
extraction tissue, poultry muscle. concentration procedures in a single step. It technique. In some cases, it could result in less
(SPE) ensures analytes extraction with high selectivity. intense chromatographic peaks if compared to

Liquid-liquid

Plasma, urine, faeces, hairs, mice vaginal tissues,

extraction liver tissues, poultry muscles, peripheral blood
(LLE) mononuclear cells, and human placental
choriocarcinoma trophobplast cells.
Ultrasound- Urine, chicken tissue, dried sample spots.
assisted
extraction
(UAE)
QuEChERS (Q) Plasma, chicken muscle.

Faster and easier than SPE. It desalts samples very
well, lessening the problem of source fouling in
mass spectrometry analyses.

Ultrasound increases the rate of mass transfer of
analytes from matrix in the solvent compared to
the classic liquid-liquid extraction.

More suitable for the extraction of drugs from
biological tissues compared to liquid-liquid
extraction or solid-phase extraction. It is a quick,
easy, cheap, effective, rugged and safe method,

liquid-liquid extraction.

Time-consuming technique and a rather hazardous
one, due to the use of large amounts of toxic organic
solvents. It is less selective than solid-phase
extraction; moreover, the possibility of emulsion
formation prevents automation of this technique.
Technique not widespread for the extraction from
biological matrices.

The QUEChERS method yields final extracts less
concentrated compared to the traditional extraction
techniques.

ensuring an high selectivity of the extraction.

metabolites with properties similar to the analytes of interest. Therefore,
their direct injection into conventional chromatographic support is not
suitable, due to the rapid worsening of column frits and stationary
phases whereby clogging cannot be avoided [56]. To overcome this
problem, several pre-treatment and extraction methods can be used,
according to the matrix complexity (Table 2). To date, the analysis of
antiviral drugs, which are tested for COVID-19 treatment, was per-
formed in several biological matrices; most TDM studies were conducted
on human plasma, but interest in measuring drug levels in urine, saliva,
breast milk, cerebrospinal fluid, seminal plasma, faeces, poultry muscles
and cell lysates (PBMCs, i.e. peripheral blood mononuclear cells, and
BeWos, i.e. human placental choriocarcinoma trophoblast cells) was
manifested as well.

Typically, the preparation of plasma samples includes protein
precipitation (PP), solid-phase extraction (SPE), liquid-liquid extrac-
tion (LLE) or a combination of two or more of them. PP protocols
involve the addition of organic solvents to plasma, causing the pre-
cipitation of proteins by changing their solvation in water. Then, the
resultant protein precipitates are separated from the analytes through
centrifugation. This technique is one of the most commonly used for
plasma samples, due to its low cost and minimal method development
requirements [57]. As precipitating agents of antiviral drugs, aceto-
nitrile/methanol mixtures have been widely preferred in different ra-
tios [58-62]. Moreover, in some cases, acetonitrile [45,63,64]
acidified with 0.01% HCI [65] or water adjusted with 8% (v/v) tri-
chloroacetic acid (TCA) [66] and methanol alone [67] have been used

Table 3

Analytical methods employed in the last ten years for the detection of antivirals currently tested for COVID-19 treatment, with their main advantages and drawbacks.

Advantages

Drawbacks

Methods for direct
detection and
quantification

Methods including a
preliminary
separation step

Potentiometry

Spectroftuorimetry (FL)

Matrix Assisted Laser Desorption
Ionization mass spectrometry
(MALDI-MS)

High performance liquid
chromatography coupled to UV-Vis
(HPLC-UV)

High performance liquid
chromatography coupled to
spectrofluorometric detection (LC-
FL)

Capillary electrophoresis coupled to
UV-Vis (CE-UV)

High performance liquid
chromatography coupled to mass
spectrometry (LC-MS)

Ultra-high performance liquid
chromatography coupled to mass
spectrometry (UHPLC-MS)

Fast and economical possibility to monitor the drug of
interest thanks to ion-selective electrodes, whose the
electric potential created over membrane depends on its
the activity and allows its quantification.

Easy, less expensive and less time consuming methods;
they offer better sensitivity compared to potentiometric
methods.

Short analysis times and low ion suppression.

Better sensitivity compared to CE-UV. Possibility to carry
out multiresidue analysis.

More sensitive and selective than LC-UV, since
fluorescence is a characteristic of well-defined
compounds.

Faster analysis with higher efficiency than LC-UV, thanks
to the drugs separation through a small capillary under
the influence of an electric field.

Higher selectivity and sensibility compared to LC-UV
methods. Shorter analysis time. Possibility to carry out
multiresidue analysis.

Improved chromatographic efficiency compared to high
performance liquid chromatography (HPLC) columns.
Less susceptible to matrix effect.

Still limited since many common ions occurring in
biofluids and tissues could interfere with the
measurement of the target analyte.

Sometimes require derivatization steps before the
detection to form fluorescent adducts, since not all the
antivirals are characterized by native fluorescence.
Endogenous compounds could interfere with the results
of the analysis.

Quantification remains a major challenge due to
problems associated with analyte recovery from the
tissue and ionization matrix effects.

Sensitivity and selectivity are rather limited because
LC-UV requires a huge volume of sample and complex
sample preparation to detect drugs at a low
concentration.

Since not all the antivirals are characterized by native
fluorescence, sometimes are required derivatization
steps before the analysis.

Low concentration sensitivity

Susceptibility to matrix effects, due to the outcome of
co-eluting interfering compounds on the analyte
ionization.

Due to the smaller particles in the column, a more
tedious pre-treatment of the sample in order to avoid its
clogging is needed.




M.A. Acquavia et al.

too. In addition to plasma samples, PP has been applied to other
matrices, such as seminal plasma [42], cell lysates [68], cerebrospinal
fluid [67], mice vaginal lavage [69], saliva [64], urine [46] and breast
milk [70]. Yamada et al. [64] used protein precipitation for extracting
darunavir, tenofovir and other antiviral drugs from saliva samples,
through a three-step protocol, including the addition of ACN, drying of
the supernatant and its regeneration with the mobile phase. Moreover,
ACN was used also for the extraction from urine samples assisted by
sonication in an ultrasonic bath, in a method developed by Gumustas
et al. [46] for the quantification of emtricitabine, rilpivirine and
tenofovir. For mice vaginal lavage, the addition of ACN is used to
precipitate mucins and dilute salts [69], while in the case of breast
milk, PP is conducted after lipid removal through hexane treatment
[70]. When applied to samples different from plasma, protein precip-
itation gave satisfactory results; it should be noted however that, in
some cases, to prevent carryover effects during liquid chromatography,
but keeping the same LLOQ as in plasma, an extra dilution of the res-
idue obtained after evaporation was needed [42].

In spite of quick and easy extraction, traditional protein precipita-
tion is characterized by low selectivity, because of the analytes co-
precipitation [56,71]. Moreover, it fails to sufficiently remove endog-
enous compounds such as lipids, phospholipids, fatty acids whose
co-elution with the compounds of interest affects the ESI droplet des-
olvation process [72]. Therefore, PP is used as a pre-treatment of plasma
samples in other extraction techniques. Accordingly, Charbe et al. [73]
developed a method for the extraction from human plasma of nine an-
tiretroviral agents, including darunavir and lopinavir, based on protein
precipitation with acetate buffer at pH 4.5, followed by solid phase
extraction (SPE). SPE uses the affinity of solutes dissolved or suspended
in a liquid (known as the mobile phase) for a solid through which the
sample is passed (known as the stationary phase) to separate a mixture
into desired and undesired components. The analytes are recovered
either by elution using a proper solvent or thermal desorption into the
gas phase [74]. This technique has been used in many works, as an
attractive alternative to PP, to quantify antiviral drugs in plasma and
celllysates [75] because it combines extraction and clean-up procedures
in a single step. The extractions were performed by C18 [76] and
hydrophilic-lipophilic balance (HLB) cartridges [77,78]. HLB cartridges
ensure a less tedious process compared to conventional C18 based SPE,
due to the ability to remain wetted and simultaneously to adsorb ana-
lytes with various polarities and pH values. Besides, they allow the
simultaneous analysis of a higher number of samples [79,80]. Never-
theless, their versatility makes them less selective. Mixed-mode cationic
exchange (MCX) cartridges, which are built upon HLB copolymer with
additional presence of sulphonic groups to make them a strong
cation-exchanger, can overcome the shortcomings of HLB [81]. They
have been exploited for COVID-19 antiviral drugs tested extraction by
some authors [82-84]. Ocque et al. [83] developed a method based on
MCX-SPE cartridges for extracting tenofovir from both plasma and ce-
rebrospinal fluid, upon sample pre-treatment with 4% phosphoric acid
in water. MCX-based SPE was also used by Liu et al. [84] to purify and
concentrate chicken tissue sample, after ultrasound-assisted extraction
(UAE) and protein precipitation. This sample preparation method gave
the highest recoveries for oseltamivir, ranging between 80% and 100%,
by using a trichloroacetic acid solution (20 g/L)/acetonitrile (9:1, v/v)
as extracting solvent. To further reduce the matrix effects and facilitate
the detection of antiviral drugs in poultry muscle, a tandem solid-phase
extraction procedure was used by Berendsen et al. [85] in 2012. This
method was suggested to ensure the simultaneous analysis of com-
pounds with a broad range of physical and chemical properties,
including umifenovir, oseltamivir and ribavirin. All compounds, except
ribavirin, were separated from the matrix constituents by retaining
them on a Strata-XC cartridge. Then this cartridge, containing ribavirin,
was made basic, centrifuged, and applied onto a phenylboronic acid
(PBA) cartridge to retain ribavirin to separate this drug from matrix
constituents.
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Regardless of providing clean extracts, which can be directly ana-
lysed by LC, Gupta et al. [86] found that SPE when applied for extracting
darunavir from plasma resulted in less intense chromatographic peaks if
compared to liquid-liquid extraction (LLE). LLE is a popular alternative
to SPE in the bioanalytical field because it can be applied more quickly
and easier, desalting samples very well and lessening the problem of
source fouling in mass spectrometry analyses [87]. The solvents, useful
to extract antiviral drugs from plasma, are ethyl acetate [43,88], diethyl
ether [89] and methylene chloride [49], but the most widely employed
remains methyltertbutyl ether (MTBE) [86,90] because it ensures better
reproducibility and recovery [86]. MTBE was used for samples of urine
and faeces as well [91]. Wu et al. [92] proposed a method based on LLE
with methanol for the quantification of tenofovir in the hair samples.
Hair analysis overcomes some limitations associated with drug detection
in plasma, saliva, and other bio-fluids, such as the lack of drug long-term
stability. Indeed, the drug concentration in hair strands can retrospec-
tively reflect the drug usage over one month [93,94]. LLE for simulta-
neous measurements of antiviral drugs in mice vaginal tissues [69], liver
tissue [95,96], poultry muscles [19], PBMCs [49] and BeWo [97] cells
have been reported as well. Regarding poultry tissues, the LLE is often
followed by a SPE clean-up procedure [19], whereas a preliminary
treatment aimed at destroying the cell and nuclear membranes of PBMCs
is necessary [98]. Along with the LLE, a treatment of PBMCs with more
complex preparation protocols has been reported, including a dephos-
phorylation step conducted by adding phosphatase enzymes and an acid
buffer solution (i.e. Tris—HCI buffer 30 mM pH 8.0, pure water and ac-
etate buffer 1 M pH 4, 3:1:0.25, v:v:v, respectively) to the sample, fol-
lowed by protein precipitation [99].

In addition to the above-mentioned protocols, also a method named
QuEChERS (quick, easy, cheap, effective, rugged and safe) was used to
extract antiviral drugs from bio-fluids and biological tissues [20,92,
100], for which liquid-liquid extraction or solid-phase extraction is less
suitable [20]. The QuEChERS (Q) is a fast and easy multi-residue
method that involves an acetonitrile salting-out extraction followed by
dispersive solid-phase extraction (d-SPE) to remove most remaining
matrix interferences [101]. d-SPE is based on the same SPE methodol-
ogy, but the sorbent is directly added to the extract without conditioning
the clean-up, being easily conducted by shaking and centrifugation. As
sorbent, a primary-secondary amine (PSA) is used and it’s mixed
alongside with anhydrous MgSO4 with the sample extract. QUEChERS
was specifically developed in 2003 for pesticide determination [102]
but it is currently used for drugs too, and many modifications have been
proposed adaptating to the nature and fat content of the sample [103].
Wu et al. [92] used a modified Q method for extracting ribavirin from
chicken muscles, using 1% acetic acid methanol extraction followed by a
dispersive solid-phase extraction clean-up procedure, with PSA and C18
sorbent. ACN salt-out, which is typical of Q methods, was avoided due to
the low solubility of ribavirin in water and responsible of low drug
extraction recoveries. Sichilongo et al. [100] used a Q method for
extracting tenofovir, emtricitabine, lopinavir, ritonavir and efavirenz
from plasma samples. In the same work, the efficiencies of combined
extraction techniques, i.e. Q-PP, Q-LLE and LLE-PP were also evaluated.
The obtained results showed that the mixed extraction modes gave
lower recoveries and poor accuracies, when compared to Q, PP or LLE
alone. However, LOD values for all sample preparation techniques fell
below the clinically relevant therapeutic range (3-8 ppm), thus being
suitable for TDM routine analysis.

A separate discussion is needed for the preparation of dried sample
spots [34-41]. This low-cost technology has recently received a great deal
of attention because of their distinct advantages of sample collection, less
invasive sampling, simpler transfer, storage and shipping [104,105].
Dried sample spots are typically prepared by spotting low volumes (less
than 50 pL) of the biofluids of interest on suitable cards. Before the
analysis, they are placed in clean tubes, where the extraction solution is
added. The extraction can be assisted by sonication [34,38] and, after
centrifugation, the supernatant is collected for chromatographic analysis.
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4. Separation and detection of COVID-19 antiviral drugs

Several analytical methods have been developed to accurately
quantify antiviral drugs, currently tested against SARS-COV-2. As
interfering compounds are normally occurring in biological samples, the
use of analytical techniques that provide high selectivity and sensitivity
is of crucial importance. A summary of methods published in the last
decade, with their main advantages and drawbacks, is reported in
Table 3. Some methods based on potentiometry [44], spectrofluorimetry
[45] or matrix-assisted laser desorption/ionization (MALDI) [106-108]
were employed. However, as expected, the most widely used methods
were based on hyphenated techniques, typically liquid chromatography
but also capillary electrophoresis [46] (CE), coupled to UV-Vis detection
or electrospray ionization (ESI) with mass spectrometry (MS). Indeed,
besides their higher sensitivity, they offer the possibility to carry out
multiresidue analyzes, i.e. analyzes in which more than one drug are
detected and quantified simultaneously.
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4.1. Potentiometric methods

Recently, there has been a growing need for constructing chemical
sensors for the fast and economical monitoring of drug compounds
through potentiometric methods in pharmaceutical analysis. The
potentiometric sensors are also known as ion-selective electrodes, where
the electric potential created over the ion-selective membrane depends
on the activity of the analyte and allows its quantification [109].
However, potentiometric methods to determinate antiviral drugs in
biological matrices remain still limited because many common ions
occurring in biofluids and tissues interfere with the measurement of the
target analyte.

Hassan et al. [44] proposed a potentiometric sensor for monitoring
oseltamivir phosphate (OSP). The sensor consisted of an ion association
complex between the drug and phosphomolybdic acid (OSP-PMA)
dispersed in polyvinyl chloride. The method was applied to OSP detec-
tion in spiked samples of urine and plasma without preliminary sample
pre-treatments. Despite it offered a low cost of analysis and short
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Fig. 4. Product ion mass spectra of some protease inhibitors, i.e. ritonavir, lopinavir and indinavir. Reproduced with the permission of Mishra et al., 2012 [138].
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response times [110], the developed ion-selective electrode exhibited
relatively high limits of detection (LODs), approximately in the micro-
molar range [111], if compared to the other analytical techniques.

4.2. Spectrofluorimetric and spectrophotometric methods

Spectrophotometric and spectrofluorometric methods are often used
for the determination of drugs, thanks to their versatility and cost-
effectiveness. They can be successfully applied for pharmaceutical
analysis, consisting of quality control of commercialized products and
pharmacodynamic studies [112]. Since antiviral compounds show
several unsaturations and aromatic rings in their structure (see Figs. 1,
Figs. 2 and 3), one of the main advantages of their determination
through spectrophotometric methods is the possibility to analyses
without preliminary derivatization steps. The detection requires absor-
bance measurements typically carried out between 207 nm and 280 nm,
with differences in Apax absorbtion depending on the specific target drug.

Conversely, spectrofluorimetric methods require derivatization
steps before the detection of the antivirals to form fluorescent adducts,
since not all of them are characterized by native fluorescence. Slightly
high Aexcitation @nd Aemission are needed. As example, values of 408 nm
and 475 nm were used, respectively, as Aexcitation a1d Aemission Dy Omar
et al. [45] in a spectroflurorimetric method developed and validated in
distilled water to quantify oseltamivir phosphate in plasma spiked
samples. OSP was derivatized through the Hantzsch reaction of its
primary amino group with acetylacetone and formaldehyde [45]. The
calculated LOQ and LOD values were respectively 0.08 pug/mL and
0.24 pg/mL: these values were considerably lower than LLOQ (7.4
pg/mL) and LOD (3.73 pg/mL), obtained with the potentiometric
method proposed by Hassan et al. [44].

Despite providing several advantages such as being easy, inexpensive
and less time consuming, spectrophotometric and spectrofluorometric
techniques alone for the quantification of drugs in biological matrices do
not ensure high selectivity and suffer from the interference of many
endogenous compounds, which can compromise the results of the
analysis. Accordingly, a previous separation step by liquid chromatog-
raphy (LC) or capillary electrophoresis (CE) is typically used before the
detection of antiviral compounds.

CE is based on the separation of charged analytes through a small
capillary under the influence of an electric field; thus, it represent a good
alternative to conduct faster analysis with higher efficiency than LC
[113]. However, the main disadvantage of CE is its low concentration
sensitivity. In this regard, Gumustas et al. [46] compared LC-UV and
CE-UV methods for the simultaneous determination of emtricitabine,
rilpivirine and tenofovir. LC-UV sensitivity, calculated as the limit of
detection (LOD) and limit of quantification (LOQ), was better than CE.

CH,

Umifenovir / Arbidol
[M+H]* with m/z 477

Fig. 5. Fragmentation phatways proposed for umifenovir and oseltamivir.
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Moreover, the LC-UV was found to be more precise than the CE method.
The RSD values varied between 0.3 and 0.9% for LC-UV and between 2.5
and 4.2% for CE-UV.

Liquid chromatography coupled with UV-Vis detectors has been
used in many works in order to quantify antiviral drugs in biological
fluids, i.e. blood and plasma [43,73,89,90,114-119]. Currently,
reversed-phase liquid chromatography is the method of first choice for
this task. The separation is carried out on C18 columns, with or without
a guard-column system, and different mobile phase compositions (acidic
or basic) are used. For ionizable specieswhich are the drugs tested for the
COVID-19 treatment, the simplest and fastest way to implement the
selectivity and the specificity of the LC-UV method is to adjust the pH of
the mobile phase [120], which is known also for affecting the quanti-
fication limit of the method [121]. Studies reported in literature showed
that the retention times of weak acids decrease with increasing pH
values, while those of weak bases increase with increasing pH [122].
The chromatographic separation through the LC-UV methods employed
in last ten years for antivirals has been achieved with mobile phases
whose pH ranged from 3.23 to 8.10, since their pKa values are strongly
different (—1.2 < pKa <11.88, see Figs. 1, Figs. 2 and 3). As organic
modifiers, acetonitrile and methanol have been used and mixed with
water, phosphate buffer or acetate buffer in different proportions. The
chromatographic run time is usually comprised between 4 and 25 min.
The fastest run times of 4 and 5 min, respectively, occurred in isocratic
methods for the determination of a single analyte, i.e. ritonavir and
darunavir [89,90]. The longer run time for the determination of more
than two drugs can be explained by the use of gradient elution mode in
order to achieve good separation of drugs also from their own metabo-
lites [123].

Recently, LC-UV methods have been also developed for drug enan-
tiomers detection in dried blood spots, by using chiral columns, namely
(+) darunavir and (+) emtricitabine [37,38]. In this case, a Chiralpak IA
column (250 mm x 4.6 mm, 5 pm) has been employed and the chro-
matographic separation has been carried out isocratically with n-hex-
ane-ethanol-diethyl amine (75:25:0.1) or with n-hexane-ethanol (65:35)
as mobile phases. Run times of 13 and 15 min were needed, respectively,
for the complete separations of the two enantiomers of darunavir and
emtricitabine.

In addition, Peris-Vicente et al. [124] reported a method based on
micellar liquid chromatography (MLC) combined with diode array de-
tector for the simultaneous quantification of four antiretrovirals (dar-
unavir, ritonavir, emtricitabine and tenofovir) in plasma. MLC, based on
sodium dodecyl sulfate (SDS) as mobile phase, allows the direct injec-
tion of untreated plasma onto the chromatographic column for the rapid
monitoring of drug contents. Apart from dilution and filtration, no
sample pre-treatment is needed because SDS solubilizes plasma by

CHj
=
(0] I\IIH
o) NH2166|
H3C
243 0 (¢}
H3C
Oseltamivir

[M+H]" with m/z 313

Reproduced with the permission of Niessen et al., 2020 [139].
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Fig. 6. Product ion mass spectra of tenofovir and emtricitabin

denaturing proteins and avoiding their precipitation, by displacing the
analytes from its components and by making them interact with the
stationary phase [125]. A mobile phase consisting of 0.06 M SDS/2.5%
1-pentanol (pH 7) and running under isocratic mode through a C18
column, was chosen. The method, fully validated according to the ICH
guideline, was linear between 0.25 and 25 pg/mL (r* > 0.995); it
showed an accuracy ranging from 89.3% to 103.2% and a precision
lower than 8.2% for all the four analysed antivirals. The limit of
detection was comprised between 0.080 and 0.110 pg/mL, while the
limit of quantification ranged between 0.240 and 0.270 pg/mL.

Gralak-Dabrowska et al. [90] employed a LC-UV method to measure
the level of darunavir in plasma. Although the proposed approach was
advantageous for its run time of 5 min, considerably lower than the
typical 10-30 min of the other reported methods, sensitivity and
selectivity were rather limited because LC-UV requires a huge volume of
sample and complex sample preparation to detect drugs at a low con-
centration [98,122]. Conversely, methods based on HPLC with fluores-
cence (FL) detection are inherently more sensitive than LC-UV. In
addition, fluorescence is a characteristic of well-defined compounds, so
that the FL detection is also more selective than UV, thus allowing to
obtain a baseline without peaks associated to foreign substances [98,
118,126]. A method for the determination of darunavir in PBMCs by
LC-FL detection was presented by Nagano et al. [98] in 2014. The
method took advantage of the compound native fluorescence, not
requiring derivatization. Chromatographic separation was achieved on a
C18 column with a mobile phase consisting of 20 mmol/L potassium
phosphate buffer (pH 4.3)/acetonitrile (57/43, v/v), and spectrofluo-
rometric detection at Aeycitation = 235 nm and Aemjssion = 337 nm. Vor-
iconazole was used as internal standard and linear calibration curves
were in the range 5-100 ng/10° cells. Intra-day precision and accuracy
were lower than 8.77% and 12.0%, respectively.

4.3. Mass spectrometric methods

Mass spectrometry (MS) is a powerful analytical tool with many
applications in several fields, such as in the environmental field [127] or
in the foodomic [128]. Besides, it’s useful also for both qualitative and
quantitative application in the pharmaceutical field [136,137]. In detail,
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e. Reproduced with the permission of Yadav et al. [140].

soft ionization techniques such as matrix-assisted laser desorption
ionization (MALDI) and, more importantly, electrospray ionization (ESI)
are used to effectively ionize the drugs of interest [21,129-131]. Clearly,
the polarity chosen for ionization, i.e. the positive or the negative one,
depends on the relative acidity (pKa) of the functional groups occurring
on the molecules [132]. For example, the detection of phenols is carried
out in negative mode, since the deprotonation of phenolic OH groups is
considered as the most likely ionization process under ESI conditions
[133]. As regard to antiviral compounds, positive polarity is typically
used because they have several secondary amino groups which can be
readily protonated.

The main difference between MALDI and ESI ionization techniques
is the physical state in which the sample is introduced to the ion source:
ESI uses solvated samples that are infused into the instrument, whereas
MALDI uses the solid state, as the sample is co-crystallized with an
adequate matrix [134]. Anyway, both ESI-MS and MALDI-MS are very
sensitive, as they allow the detection of analytes whose concentrations
are as low as picomolar [134]. In addition, ESI-MS can efficiently be
interfaced with analytical separation techniques, i.e. the chromato-
graphic ones, enhancing its quantitative applications [135]. Regardless
of the ionization source, the sensitivity of a mass spectrometer is related
to its mass analyzer. Quadrupole (Q) and time of flight (ToF) mass an-
alyzers are commonly used and they can be configured together as
QqToF or QqQ tandem mass spectrometric instruments [138,139].
Tandem mass spectrometry (MS/MS) represents the most efficient and
reliable analytical techniques for specific isolation, unequivocal iden-
tification and accurate quantification of drug compounds in biological
samples.

The fragmentation pattern of COVID-19 tested antiviral drugs is well
known for most of them. Due to the great variability and complexity in
their structures, it is not possible to define a common behavior, but the
breakdown of the same kinds of chemical bonds can be ascertained. In
the product ion mass spectra of protease inhibitors, i.e. ritonavir
(IM+H]" at m/z 721), lopinavir ([M+H] " at m/z 629) and darunavir
(IM+H] " at m/z 548), fragment ions at m/z 296, m/z 447 and m/z 392,
respectively, are obtained after breaking of amide linkage. As regards
indinavir ([M+H] " at m/z 614) and saquinavir ([M+H]" at m/z 671),
the signals at m/z 421 and m/z 570 are obtained by the cleavage of the
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linkage between amide carbon and the carbon in alpha to the amide
group (see Fig. 4 as example) [138].

Instead, MS/MS fragmentation of umifenovir ([M+H]" at m/z 477)
involves the formation of product ions at m/z 432 and m/z 387 due to
the loss of dimethylamine ((H3C);NH) and to the subsequent loss of
ethanal (CyH40). The loss of dimethylamine and a phenylsulfanyl
radical (C¢HsS) produces a fragment ion at m/z 323 from which, after a
subsequent elimination of an ethyl radical (CoHs) or ethanal, ions at m/z
294 and m/z 279 are obtained (Fig. 5) [139]. Oseltamivir ([M+H]" at
m/z 313) fragmentation occurs through the formation of ions at m/z
296, due the loss of ammonia (NH3), at m/z 243, due to the loss of
pentene (CsHjp), and ions at m/z 225, m/z 208 and m/z 166 due,
respectively, to the loss of 3-pentanol (CsH;20), ammonia or acetamide
(CoHsNO) (Fig. 5) [139].

As for product ion mass spectra of tenofovir ([M+H]™ at m/z 288)
and emtricitabine ([M+H]" at m/z 248), fragment ions at m/z 176 and
m/z 130 are obtained, respectively, after the cleavage of the phos-
phoestere bond (tenofovir) and after the cleavage of the link with the
nitrogen ring (emtricitabine) (Fig. 6) [140]. Instead, for ribavirin
(IM+H]" at m/z 245), the loss of the pentofuranose unit from the mo-
lecular ion gives the fragment ion at m/z 113 [141].

MS/MS analyses are typically performed in Selected Reaction
Monitoring (SRM) and Multiple Reaction Monitoring (MRM) mode,
when one or more product ions are monitored, respectively [142].
Therefore, the monitoring of specific precursor-product ion transitions
increases the sensibility in quantitative bioanalysis and the selectivity,
by decreasing the probability of false positive identification [143]. For
the antiviral drugs under study, the monitored transitions are the same
for either MALDI-MS and ESI-MS analysis.

4.3.1. MALDI-MS

Nowadays, MALDI-MS and MALDI-MS imaging (MSI), are consid-
ered as a useful approach for the direct screening and mapping of
xenobiotic compounds in complex biological samples, particularly tis-
sues. MALDI-MS is characterized by short analysis times and low ion
suppression, compared to ESI sources. However, the application of MSI
for quantification (Q-MSI) of antiviral drugs extracted from biological
samples remains a major challenge [129]. Q-MSI, in fact, has to deal
with several fundamental aspects that are difficult to control for absolute
quantification, such as analyte recovery from the tissue and ionization
matrix effects. Thus, the use of internal standards and specific prepa-
ration of calibration standards is crucial [144]. In addition, the selection
of an appropriate matrix is critical to ensure a successful Q-MSI exper-
iment. A suitable matrix for the MALDI-MS analysis of small molecules,
such as drug compounds, should reduce the background signal in order
to facilitate the identification of target analytes [145]. In this regard, 2,
5-dihydroxybenzoic acid (DHB) and a-cyano-4-hydroxycinnamic acid
(CHCA) are the preferred matrices [145].

Due to these limitations, few studies were proposed for the quanti-
fication of COVID-19 tested antiviral drugs in biological matrices, in the
last ten years. In detail, the reported methods regarded tenefovir [107],
indinavir, lopinavir, ritonavir and saquinavir [106] quantification in
plasma and PBMCs samples. In order to overcome the problems asso-
ciated with background signals, derived from the biological sample and
the MALDI matrix, SRM and MRM scan modes were used to detect the
target drugs. Tenofovir was quantified in plasma, through the applica-
tion of a MALDI-QqQ-MS technology in combination with an isotope
dilution method, by Meesters et al. [107]. These authors used CHCA as
MALDI matrix and the laser power was set to 60%. The developed
method was validated according to the FDA guidelines and values of
0.04 pmol/L and 0.1 pmol/L were obtained, respectively, for LOD and
LLOQ. Besides, values of LLOQ ranging from 3.2 to 167 nM were ob-
tained with a MALDI-QqQ-MS method developed and validated by Van
Kampen et al. [106] for quantification of indinavir, lopinavir, ritonavir
and saquinavir. It should be noted that, for lopinavir and ritonavir, SRMs
were performed on the sodium adducts of the drugs. For those analyses,
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sodium iodide (Nal) was added to the matrix solution, i.e. CHCA, to
increase the intensity of the sodium adducts of the drugs, respectively, at
m/z 651 and m/z 743.

In 2014, a quantitative mass spectrometry imaging method based on
infrared matrix-assisted laser desorption electrospray ionization (IR-
MALDESI) was developed for emtricitabine quantification [108].
IR-MALDESI combines advantages of both ESI and MALDI, such as the
production of multiply charged ions, high salt tolerance, ambient nature
and amenability to imaging. With this technique, the ablation occurs by
using an IR laser in combination with ESI [146]. Bokhart et al. [108] set
the IR laser wavelength to 2.94 pm in order to cause emtricitabine
desorption. After applying the method to incubated human cervical
tissues, the concentration level found in the analysed samples (17.2 +
1.8 pg/8tissue) Was compared to that resulting from LC-MS/MS analyses
(28.4 + 2.8 ug/gtissue) within a cross-validation study (see Supplemen-
tary Material, Table S1).

4.3.2. ESI-MS and MS/MS

Electrospray ionization has been the most used ionization technique
for the analysis of COVID-19 tested antiviral drugs. Electrospray ioni-
zation mass spectrometric or tandem mass spectrometric (ESI-MS or ESI-
MS/MS) analyses of antiviral compounds are always preceded by a
chromatographic separation step. LC-MS is often preferred to ultraviolet
or fluorescence detection in the bioanalytical field, because it offer a
better selectivity and sensibility [143,154-168].

As for LC-UV methods, also with LC-MS methods the chromato-
graphic separation of antiviral compounds is typically carried out on
C18 columns, but some methods based on the use of C8 columns [147,
148], as well as one based on the use of a C30 column were also pro-
posed [39]. As mobile phases, MeOH, ACN and ultrapure water added
with formic acid have been mainly employed. Mobile phases additives,
such as formic acid, are often used in the bioanalytical field to increase
ionization with ESI (+). As previously described, positive polarity is
typically used for ESI ionization of COVID-19 tested antiviral drugs.
However, Valluru et al. [82] compared both negative (ESI-) and positive
(ESI+) ion modes, finding that negative one showed better selectivity
and sensitivity for tenofovir. Its quantification in plasma samples was
carried out by using the peak signals at m/z 286.1 as precursor ion and at
m/z 134.0 as product ion. The ionization efficiency of analytes under-
going quantification, can modulate well the selectivity of the LC-MS
methods [149] and it can further be increased by promoting the ioni-
zation by proper desolvation temperature, gas flows and source settings
[150]. When these strategies are not sufficient, the second easiest
method to improve the selectivity of the method may be the replacement
of the C18 phase with a different sort of stationary phase. As example,
Chan et al. [19] analysed amantadine, rimantadine, oseltamivir (and its
active metabolite oseltamivir carboxylate) and zanamivir in poultry
muscle, on a zwitterionic hydrophilic interaction liquid chromatography
(HILIC) column coupled to a triple quadrupole mass spectrometer. HILIC
offers an alternative retention and separation mechanism to reversed
phase, whereby polar compounds, such as oseltamivir or zanamivir, are
more strongly retained, increasing the selectivity of the method.

Isocratic elution programs are generally used for the chromato-
graphic separations of antivirals, also when more than one drugs have to
be detected. Indeed, Yamada et al. [64] well separated, in 6 min, two
drugs, namely abacavir and tenofovir, in human plasma and saliva
samples through a chromatographic method performed on a C18 reverse
phase column (1.5 x 50 mm, 5 pm) isocratically, at a flow rate of 0.2
mL/min, using 5 mM formic acid-3% (v/v) acetonitrile as the mobile
phase It should be noted that the run times of the proposed LC-MS
methods for the detection and quantification of antiviral compounds
tested for the COVID-19 treatment are, on average, shorter if compared
to those of the LC-UV methods. Indeed they range from 1 to a maximum
of 11 min. Only Berendsen et al. [85] reported a method based on a run
time of 20 min for the simultaneous analysis of seven antiviral drugs, i.e.
zanamivir, ribavirin, oseltamivir, oseltamivir carboxylate, amantadine,
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rimantadine and arbidol, in poultry muscle. The proposed method was
based on a column-switch liquid chromatography system combining a
C18 column with a Hypercarb column. In detail, zanamivir and ribavirin
were eluted from the C18 column, within 5 min, and subsequently
retained on the Hypercarb column. After that, on the Hypercarb column,
zanamivir and ribavirin were separated from the matrix constituents
using a gradient and then directly detected by MS. After their elution,
the other antiviral drugs were eluted from the C18 column by increasing
the organic content of the mobile phase, passing by the Hypercarb col-
umn and entering the MS directly. In general, LC-MS/MS allows to
obtain LOD and LOQ values in the order of ng/mL within antivirals
analysis. Kanneti et al. [77] developed and validated a high-throughput
LC-MS/MS method for simultaneous quantitation of oseltamivir phos-
phate and its oseltamivir carboxylate metabolite in human plasma,
obtaining the best values of LLOQ (lower limit of quantification), i.e.
0.92 ng/mL for OSP and 5.22 ng/mL for its metabolite. However, one
limitation associated with LC-MS analysis is its susceptibility to matrix
effects [151,152]. Matrix effect is defined as the outcome of co-eluting
interfering compounds on the analyte ionization. Typically, suppres-
sion or enhancement of analyte response affect precision and accuracy of
corresponding results [149,150]. This issue could be resolved by
improving chromatographic efficiency, by using ultra high-performance
liquid chromatography (UHPLC) columns. UHPLC has been used by
numerous authors for the analysis of antivirals in biological matrices
[58,59,67,70,83,86,95,96,99]. Since its commercial introduction in
2004, there has been a considerable interest in ultra-high-performance
(pressure) liquid chromatography (UHPLC), which dramatically in-
creases the throughput of regular HPLC methods [153]. One of the most
recent UHPLC-MS/MS method for the antiviral compounds analysis was
developed and fully validated by Courlet et al. [67] in 2018 for the
quantification of five nucleoside reverse transcriptase inhibitors
(NRTIs), among which emtricitabine and tenofovir, in plasma and ce-
rebrospinal fluids. For the chromatographic separation, the mobile
phase consisted of ultrapure water with 0.1% formic acid (component A)
and MeOH with 0.1% formic acid (component B). The mobile phase was
delivered at a flow rate of 0.5 mL/min using a 2-step gradient elution
program; the total run time was of 5 min. With this method, the matrix
effects were quantitatively estimated at three concentration levels, i.e.
low (L, 10 ng/mL), medium (M, 300 ng/mL for plasma and 100 ng/mL
for cerebrospinal fluid- CSF) and high (H, 3000 ng/mL) QC concentra-
tions, through the standard line slope approach, and normalized to the
internal standard. Briefly, the RSD of slopes from linear regressions
estimated through L, M, H concentrations for spiked samples with both
analytes and corresponding internal standard, after extraction were
evaluated. The lack of significant matrix effects was confirmed by RSD
values that did not exceed 3.4% for plasma or 2.5% for CSF. In addition,
Avataneo et al. [62] calculated matrix effect by comparing the signal
from the analysis of post-extraction spiked samples at high, medium,
low QC levels and at LLOQ with those from direct injection of the same
concentration of analytes without matrix, in the first UHPLC-MS/MS
method, validated for remdesivir and its metabolite GS-441524 deter-
mination in plasma. In this case, the chromatographic conditions
adopted, envisaged the use of an Acquity HSS T3 column, and a gradient
elution program with ultrapure water with 0.05% formic acid (compo-
nent A) and ACN with 0.1% formic acid (component B). as mobile phase
The mean matrix effect factor obtained were 6% (RSD 4%) for remde-
sivir and —2% (RSD 12%) for GS-441524; while mean internal
standard-normalized matrix effect (IS-nME) were —5% (RSD 4%) and
—6% (RSD 8%), respectively (see Supplementary Material, Table S1).

5. Conclusions

Currently, indinavir, ritonavir, saquinavir, darunavir, lopinavir,
favipiravir, remdesivir, galidesivir, emtricitabin, tenofovir, oseltamivir,
ribavirin, baloxavir-marboxil and umifenovir are tested for COVID-19
infection. In this review, the literature screening has revealed that
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more than 80 analytical methods, most of them LC-MS/MS, have been
developed and/or validated for the identification and detection of these
antiviral drugs in biological samples. The absence of methods dedicated
to baloxavir-marboxil and galidesivir was ascertained. The present
article provides some degree of foundation for readers to successfully
identify and/or establish the most suitable method to accurately quan-
tify these compounds in biological fluids. It is desirable that with state-
of-the-art analytical techniques, the selective identification and accurate
quantification of antiviral drugs will lead us to a comprehensive un-
derstanding of their therapeutic effects.
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