Advances in Sample Preparation 6 (2023) 100066

journal homepage: www.elsevier.com/locate/sampre

Contents lists available at ScienceDirect

Advances in Sample Preparation

Advancesin
SamplePreparation

Emerging procedures and solvents in biological sample pre-treatment N

Valentina Greco?, Alessandro Giuffrida®*, Marcello Locatelli>*, Fabio Savini®, Ugo de Grazia®,

Check for
updates

Luigi Ciriolo®, Miryam Perrucci®, Abuzar Kabir¢, Halil Ibrahim Ulusoy, Cristian D’Ovidio¥,

Antonio Maria Catena”, Imran Ali'

2 Department of Chemical Sciences, University of Catania, Viale Andrea Doria 6, Catania 95125, Italy

b Department of Pharmacy, University of Chieti-Pescara “G. d’Annunzio”, Via dei Vestini 31, Chieti 66100, Italy

¢ Pharmatoxicology Laboratory—Hospital “Santo Spirito”, Via Fonte Romana 8, Pescara 65124, Italy

d Laboratory of Neurological Biochemistry and Neuropharmacology, Fondazione IRCCS Istituto Neurologico Carlo Besta, Via Celoria 11, Milano 20133, Italy
¢ Department of Chemistry and Biochemistry, International Forensic Research Institute, Florida International Univeristy, Miami, FL 33199, USA

f Department of Analytical Chemistry, Faculty of Pharmacy, Cumhuriyet University, Sivas 58140, Turkiye

8 Section of Legal Medicine, Department of Medicine and Aging Sciences, University of Chieti-Pescara “G. d’Annunzio”, Chieti 66100, Italy

h Institute of Legal Medicine, University of Rome 2 “Tor Vergata”, Rome 00133, Italy

i Department of Chemistry, Jamia Millia Islamia (Central University), Jamia Nagar, New Delhi 110025, India

ARTICLE INFO ABSTRACT

Keywords:

Bioanalytic

Drug stability
Toxicological

Forensic

Biological matrices
Additives and stabilizers

The treatment of biological samples, especially from complex matrices, has consistently challenged analytical
operators. The classic problems to be faced for any analysis, regardless of the origin of the sample, such as for
example contamination and loss of analyte, in biological samples, are particularly emphasized. In particular, the
main cause of the error is due to the degradation of the analyte which in several cases due to biological inter-
action. Many factors can influence the stability of drugs, chief among them the physicochemical properties of
the drug, characteristics of the matrix, the tendency to conjugation/deconjugation, sample collection procedure,

container characteristics (e.g., oxidation, adsorption), and the use of preservatives or other additives. The prob-
lem is severe in the toxicological and forensic fields, especially for analyzes considered "non-repeatable." In this
review, we will explore all the major problems in the pre-extraction phase for the chemical-analytical aspect in
the pharmacotoxicological and forensic fields.

1. Introduction

In recent years many efforts have been made to optimize analyt-
ical procedures for extraction from biological samples. The overview
is comprehensive as many techniques have been applied by various
authors, such as liquid-liquid extraction (LLE) [1], solid-phase extrac-
tion (SPE) [2], solid-phase microextraction (SPME) [3], Single-drop mi-
croextraction (SDME), Continuous-flow microextraction (CFME), Hol-
low fiber-based liquid phase microextraction (HF-LPME), dispersive
liquid-liquid micro-extraction (DLLME) [4], microextraction by packed
sorbet (MEPS) and fabric-phase sorptive extraction (FPSE) [2]. The ex-
traction step is among the most critical for the correct assessment of
analyte concentration. However, for the same purpose, it is of equal
importance to avoid loss of the target drug in the steps immediately
preceding extraction.

A reliable qualitative and quantitative toxicological/forensic analy-
sis is essential in all relevant cases. Overestimation or underestimation
of the analyte being sought can lead to unreliable results, false interpre-
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tations, and unwarranted conclusions. Aware of their responsibilities,
most practitioners in the toxicology/forensic field take extensive mea-
sures to ensure the quality of analytical results by continuously optimiz-
ing the methods used in their laboratories [5]. Unfortunately, the reality
is that even the most accurate, sensitive, thorough, and precise analyti-
cal method can yield a reliable result only in the sample analyzed at the
time of analysis [6]. Depending on the various interactions that individ-
ual substances may have, drug concentrations could have changed con-
siderably from sample acquisition to analysis. Knowledge of all possible
interactions between target molecules and biological matrices is essen-
tial to provide the most plausible data possible. Based on our experience
and the data reported in the literature [7,8], we thought it appropriate
to focus on the 3 main pre-analysis factors that most compromise the
result obtained: (1) the physicochemical properties of the drug, (2) the
characteristics of the matrix, and (3) the use of preservatives or other
additives (Fig. 1).

Poor stability of drugs is due in most cases to inherent chemical in-
stability due to the presence of functional groups susceptible to trans-
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Fig. 1. Main steps of the analytical procedure and focus of the issues treated.

formation, such as esters (e.g., 6-acetyl morphine), or those that are
easily oxidized or reducible (containing sulfur), but also to photolabile
substances (e.g., lysergic acid diethylamide). In the field of forensic toxi-
cology, many substances have been characterized for their stability pro-
file [6,9-11]. However, it should be kept in mind that only in the last
decade many new psychoactive substances (NPS) have been identified
[12,13]. In fact, in addition to the classical structural analogs of known
NPS "families," new, never-before-identified "cores" have been identified
whose stability in the biological environment and interactions are still
unknown [14,15]. We report here an overview of the studies carried
out in the last five years relating to the stability of substances of phar-
macological/forensic interest from the point of view of the "chemical
structure" [16].

An imperative for achieving a proper analytical process is to block
potential matrix interferences. The ideal process involves removing in-
terferences so that the analyte of interest can be isolated, resulting in
increased selectivity and reproducibility. The main interactions given
by the matrix are due to residual enzyme activity in the biological tissue
(autolysis) and putrefaction of the same [7]. These processes affect both
sample composition and the integrity of tissues and fluids and can have
consequences for drug analysis. The enzyme activities naturally present
in the body may continue after tissue sampling, while the microorgan-
isms present are responsible for putrefactive processes. Biological activi-
ties vary according to the various tissue; for example, they are very high
in the pancreas and very slow in the heart and liver [17]. In postmortem
blood sampling, a drastic decrease in blood pH immediately after death
(down to 5.5) must be considered. Determination of low concentrations
of analytes in biological matrices may be more straightforward if the
continuous influx of matrix effects is blocked, hence the need for cleaner
extracts. An overview of the main parameters to be controlled and the
related actions taken to block them will be presented in this review.

During sampling and analysis, chemical processes may occur (pho-
todecomposition, decomposition, microbial action, oxidation or reduc-
tion processes, etc.). Therefore, the samples must be stored throughout
the period under suitable conditions, depending on the nature of the
samples: darkness, low temperature, the addition of preservatives, an-
tioxidants, or adjustment of the pH value [18]. The main alterations to
be avoided concern contamination, alteration, and/or loss of analytes.
The sample may alter its contents due to physical and chemical changes,
such as adsorption on the container walls, volatilization, or precipitation
of analytes. These problems to date are addressed and minimized by
adding appropriate preservatives/stabilizers, chosen appropriately de-
pending on the analyte. The relevant section will report the main sub-
stances used for this purpose.

2. Chemical stability of drugs

Many reviews on the stability of biologically active substances
(drugs, drugs of abuse, etc.) classify these substances based on their
pharmacological activity. Recently, some authors [19,20] have been

making efforts to correlate chemical reactions/structures with molecu-
lar stability in the biological environment to implement predictivity on
the causes of degradation/instability. Finding such, very useful studies
are among the purposes of our review to highlight the correlation of the
stability of molecules with their chemical structure. Recent examples of
the stability of pharmacologically active molecules classified according
to the characteristics of the "active" functional groups in the molecule
will be given below.

2.1. Oxygenate compounds

2.1.1. Ester

de Souza et al. recently reported data they obtained indicating that
in a homologous linear series, methyl esters have the lowest hydrolytic
lability in rat plasma. Comparison with higher homologs has been re-
ported not only for model molecules but also for currently used drugs
such as flumazenil and benzocaine, which contain a carboxyethyl ester,
and their lower homologs containing a carboxymethyl ester. A greater
tendency for hydrolysis in rat plasma was observed for the other ho-
mologs, isosteres, and retrofitters, than for hydrolysis catalyzed in ba-
sic environments. The authors correlated the hydrolytic lability of ester
linkage to the carboxylesterase-rich biological medium (rat plasma and
rat liver microsomes), suggesting that hydrolytic activity is increased
just by the high concentration of these enzymes [21]. Similarly, Sherv-
ington and Ingham prove that ester analogs of anticancer drugs deriva-
tized to increase their pharmacological activity lose that increase as they
are easily hydrolyzed by the esterases present [22]. In the forensic field,
the most analyzed molecule with ester functionality is certainly heroin.
Jurado et al. demonstrate that this molecule is volatile in blood and not
very stable in urine, despite preservatives and stabilizers. The hydrol-
ysis of the ester bonds present is the cause of such instability and the
authors suggest analyzing the metabolites derived from this molecule in
parallel [23].

2.1.2. Poly oxygenate compounds

Compounds containing hydroxylated functional groups, such as al-
cohol, phenols, and carboxyl, are widely used in pharmaceutical and
toxicological/forensic fields [24,25]. Most of these compounds contain
multiple functional groups, and it takes work to classify them. It is ap-
propriate to enter the classification category of the functional group in-
volved in the degradative mechanism. For example, Doxorubicin, an
extensively studied antineoplastic antibiotic [26-30], has several func-
tional groups. In addition to its pharmacological activity, the molecule
and its metabolites exhibit high toxicity, so continuous monitoring of
concentrations is required. Siebel et al. recently reported [31] stability
data in a biological matrix, demonstrating high substance degradation
(Table 1) and complex degradative metabolism.

2.1.3. Ethers
Ethereal bonds are present in several drug structures and drugs of
abuse. Although they are considered nonreactive compounds, they ex-
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Table 1

Residual concentration of Doxorubicin (as%) at different storage temperatures.
Temperature 4°C -20°C -80°C
Period 4 weeks 1 year 1 year
DOX (25 ug /L) 13.3% 67.4% 91.7%
DOX (500 ug /L) 3.7% 63.2% 90.1%

hibit moderate instability, mainly when they belong to molecular struc-
tures that facilitate their degradation. For example, 2 antihistamines,
diphenhydramine (DIPH) belonging to the first generation of antihis-
tamines and bepotastine (BEPO) belonging instead to the second gen-
eration, were recently studied by Gumieniczek et al. [32]. The authors
deduce from the experimental data collected that the instability is due
precisely to the presence of the ether bonds. The decomposition of DIPH
is studied under stress conditions, and it may be related to the cleavage
of the ether bond, especially under acidic conditions (Fig. 2A). Simi-
larly, supported by the results obtained, the decomposition of BEPO is
proposed by breaking the ether bond with the formation of the relevant
products (Fig. 2B).

2.2. Amines

It has been estimated that about 40% of small molecules are used as
drugs containing amine (aliphatic or aromatic) functionalities. Among
the significant contamination and degradation products related to these
types of molecules is the development of nitrosamines [33]. Exposure
to a nitrosating agent may be evident at the manufacturing stage, in the
final formulation, or in the biological environment. In addition, enzyme
activity related to molecules with such functionality can affect their sta-
bility [34].
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2.2.1. Aliphatic amines

The aliphatic amines class includes many substances with biological
activity that can potentially be used for pharmacological activity but
also as drugs of abuse. Examples include cathinones as primary amines,
ephedrine as a secondary amine, natural (morphine, codeine), and syn-
thetic (methadone, fentanyl) opioids as tertiary amines. The stability of
these compounds has been extensively studied over the years [35] and
is currently still of great interest [36-41]. Aldubayyan et al. [42] re-
cently reported evaluation of the stability of some of these molecules in
biological samples in a pervasive and comprehensive review. The study
reveals that many compounds belonging to the primary amine class are
unstable under standard storage conditions, also demonstrating a cor-
relation between structure (substituents, alkylation, halogenation, etc.)
and stability. The authors also point out that preanalytical factors have
the most significant impact on stability. For example, adding acids (acid-
ification of samples) and preservatives increases stability enormously.

2.2.2. Aromatic amines

Aromatic amines represent a wide range of molecules used in phar-
macology. They can be classified as exo- and hetero-cyclic, and com-
pared with aliphatic analogs, they possess a higher intrinsic chemical
stability [43,44]. Among the wide range of molecules studied, we have
chosen here to report as an example the stability in biological samples
of a drug that has been widespread for a long time but are still widely
used today and for which continuous monitoring of concentration after
administration is essential the folates. Because of their importance and
use, folates have been extensively studied [45-47]. Recent literature re-
ports differences regarding the stability of various forms of folates in
biological samples. Paladugula et al. [48] conclude from the analysis of
their data, obtained from serum samples fortified with ascorbic acid as a
stabilizer, that this method provides acceptable stability for the various
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Fig. 2. Presumed degradation pathway of A) diphenhydramine (DIPH) and B) bepotastine (BEPO) (adapted from ref. 32).
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forms of folates for time <4 months and during multi-year frozen stor-
age of serum pools. In contrast, Schittmayer et al. [49] report the need
to derivatize to the exocyclic amine group to ensure the molecule’s sta-
bility for subsequent analysis.

2.3. Compounds containing sulfur

Sulfur can be present in molecular structures in various forms, de-
pending on its oxidation state. Chemical and pharmacological prop-
erties but also stability will therefore depend on the "type" of sulfur-
containing functionality. Various functionalities are found with a sul-
fur atom at diverse oxidation states, as illustrated by thioether, sul-
foxide, sulfone, sulfonamide, sulfamate, and sulfamide functions. Major
functional groups include sulfamides (e.g., sulfamethoxazole), S-onium
(e.g., S-Adenosyl methionine), and Thiol (e.g., Cystine and Cysteine).
Sulfonamides are among the oldest antibiotics, and consequently, their
properties have been extensively studied [50-52]. They are considered
relatively stable molecules, so much so that their accumulation is prob-
lematic for environmental reasons. [53]. Recently Ovung and Bhat-
tacharyya [54] reported studies in which he demonstrates the inter-
action between sulfamide derivatives and several enzymes, thus corre-
lating the well-known toxicity of this class of drugs with this activity.
S-Adenosylmethionine represents one of the critical analytes in bioana-
lytics [55]. Its concentration levels are essential for diagnostic and phar-
macological monitoring [56]. Unfortunately, the molecule is not very
stable: at the physiological concentration (79 nM) it was stable for only
30 min of incubation, and the main degradation reaction (transforma-
tion of S-adenosylmethionine to S-adenosylhomocysteine) heavily alters
the clinical significance associated with the analysis [57]. Currently al-
most all analytical methods involve derivatization reactions to obtain
validated methods [56], but administration as a drug also suffers from
the same instability problem and new formulations are currently being
studied to minimize the effect [58].

2.4. Compounds containing phosphorous

Depending on their chemical structure, phosphorus-containing drugs
can be classified into phosphorites, phosphonates, phosphinates, phos-
phoric amides, bisphosphonates, and others [59]. The derivatization of
pharmacologically active molecules with phosphate groups is widely
used, with the purpose being to increase their cellular uptake [60,61]. In
contrast, the insertion of a phosphonate group increases their stability
by generating a pro-drug [62]. The examples in the literature are count-
less; here, we decided to report data from an antiviral that has been on
the market for a few years and used in the Sars-Cov2 pandemic. In the
previous biennium (2020-2021), the possibility of having effective an-
tivirals available has been a global need; the efforts that researchers have
made from various fields have made it possible to safely use Remdesivir,
both from a toxicological [61,63], standpoint and for analytical moni-
toring [64-66]. Demonstration of the drug’s poor plasma-level stability
[61] also, involving the phosphoramidite group [67] and simultaneous
evaluation of its high efficiency as an antiviral has stimulated the study
of new formulations for administration [68].

3. Matrix interactions

The stability of drugs in biological matrices under conditions of stor-
age, handling, and analysis is essential in the analytical field [6,69,70].
Most data on the stability of drugs in biological matrices are often con-
ducted as part of the development and validation of bioanalytical meth-
ods. Stability experiments in their respective publications are often the
only data source on a particular drug’s stability. However, since they
are often etched within the paper and not reported in the abstract, it
is very difficult to retrieve them from the literature. Storage of biolog-
ical evidence at subzero temperatures is one of the methods currently
used to prevent the degradation of analytes until analysis. However,
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previous studies have shown that freezing biological evidence does not
stop degradation [18]. The main freezing preservation techniques will
be discussed in Section 4. In this section, we report the 3 main processes
that may influence the analyte concentration before pretreatment o di-
rect analyses. In most cases, the main interactions between analyte and
matrix are classified about the biological tissue from which the analyte
is to be extracted; considering that the main interactions occur due to
enzyme metabolism [71] and/or from reactions with other biological
macro-molecules, we will describe the activity of the main classes of en-
zymes on drugs and drug-drug cross-reactivity. In addition, especially
in the forensic field, it is necessary to consider normal in vivo biological
processes and putrefactive processes that may arise after the blockage
of vital functions.

3.1. Enzymatic degradation

Although decreased and under less-than-ideal conditions, enzyme ac-
tivity continues even after the sample is taken. In the bioanalytical and
forensic fields [72], this is a well-known issue, and many efforts are
made to minimize these processes [69,70]. The primary enzymatic re-
actions that can most affect the concentrations of analytes in the sample
are 3: hydrolysis, oxidation, and conjugation (Fig. 3).

However, it is not easy to hypothesize or determine the prevalent
enzyme activity on a polyfunctionalized molecule. For indicative pur-
poses, only the distribution of metabolites according to enzyme cate-
gories [71] is shown in the following graphic (Fig. 4).

From the data reported here, it is plausible to infer that most of the
drugs administered will be metabolized according to these patterns. Al-
though considerably slowed, enzyme activity continues after sample col-
lection, which could certainly affect the accuracy of the result.

3.2. Cross interference

Analyte-matrix interactions not only include degradative aspects, but
unfortunately can also affect the assays directly. The enzyme-linked im-
munosorbent assay (ELISA) technique and more recently the develop-
ment of biosensors (i.e., sensors with biological probes such as enzymes)
are typical examples of techniques that suffer the problem. The phe-
nomenon of cross-interference, which is very significant in the biolog-
ical field but is rare in the chemical field. Generally, this term refers
to the interaction between proteins (often an enzyme) and the target
analyte [73]. In the analytical field, the problem becomes relevant in
the development of biosensors that rely on substrate-receptor interac-
tion [74-76]. Recently Prabodh et al. have elegantly approached the
problem of cross-interference in sensors through time-resolved compet-
itive binding assays. In this way, despite the presence of cross-reactivity,
the system can be used for the distinction and quantification of analytes
[74].

3.3. Bacterial and microbiological decomposition

In routine analyses carried out in the diagnostic field, problems re-
lated to the degradation of analytes through putrefactive processes can
be considered negligible. Opposed, however, is the weight of this aspect
in the analysis of postmortem samples in the forensic field [77]. In addi-
tion to the autolysis phase, which is characterized by residual enzymatic
activity on metabolites, the putrefactive phase of decomposition signif-
icantly affects the ’homeostasis of pharmacologically active substances
and their metabolites [78]. During putrefactive processes, bacteria de-
grade tissues, and degradation products consisting of lipids, proteins,
and carbohydrates can complicate the matrix and make it challenging
to identify and quantify analytes. In addition, bacterial metabolism can
cause changes in the concentration of the analyte being sought if the
analyte is recognized as a substrate (e.g., ethanol) [79,80]. Except in a
few rare cases, unfortunately, these processes have not been sufficiently
studied, nor have drug degradation products. Because of this, analytical
methods that can detect both the target molecule and its metabolites
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Fig. 3. Primary types of enzymatic reactions
are involved in drug metabolism.
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Fig. 4. Distribution of drugs according to enzyme families. Percentages given
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have also been underdeveloped; therefore, it is considerably difficult to
obtain information to correlate the detected postmortem concentration
with the actual concentration. Here we report an in-depth look at one of
the main cases where degradative/fermentation processes heavily influ-
ence the concentration of an analyte: the postmortem determination of
ethanol concentration. Determination of the concentration of ethanol in
the human body at the time of death is one of the parameters that is al-
ways requested of the forensic toxicologist. To distinguish antemortem
ethanol consumption from postmortem ethanol formation, analysis of
the metabolites ethyl glucuronide (EtG) and ethyl sulfate (EtS), which
are produced in living individuals enzymatically, is used today [81]. It
has been estimated that only a small fraction (i.e., <0.1%) of the total
dose of ingested ethanol is metabolized in vivo in the form of the EtG and
EtS, so sensitive analytical methods are needed. Of paramount impor-
tance has been to show that EtG and ETS are not formed in samples forti-
fied with ethanol [82,83]. Further developments, given the importance
of this issue and its wide use in various toxicology laboratories, methods
on alternative matrices to blood have recently been investigated [84],
and excellent degrees of correlation have been obtained using humor in
vitro [85,86] as an alternative biological matrix.

4. Storage and preservatives
The metabolic changes that occur after sampling are influenced by

several variables and can dramatically affect the actual concentrations
for several analytes. Although these processes are difficult to control,

Conjugation

- Glucuronosyl

transferases

Sulphotransferases

Acetyltransferases
- Acyl-CoA ligases

alterations in analyte concentrations due to improper in vitro preserva-
tion and/or storage are less tolerated [77]. Therefore, sample storage
and physical conditions (e.g., temperature) during storage should be
addressed. Of the following topics, general specimen preservation and
storage procedures are highlighted.

The preservation of collected biological samples is critical and is
sensitive to subsequent processing methods. Freshly obtained biologi-
cal tissues that constitute the samples undergo both hypoxic ischemia
and intrinsic enzymatic degradation, both capable of altering the con-
centration of analytes.

Both diagnostically and for research purposes, immediately after col-
lection, samples must be processed immediately to prevent degradation
of the analytes being sought. The consequences can invalidate all subse-
quent work, e.g., in the search for a potentially toxic molecule, it is es-
sential to avoid its degradation into other metabolites/derivatives that
could participate in the biological response. Sample treatment can be
by physical process (typically temperature variation such as freezing)
or chemical fixation/stabilization. For biological specimens, the main
preservation techniques are 2: freezing (see Table 2) and formalin fixa-
tion. Freezing is the most widely used preservation technique both for
classical and more recent analytical techniques, such as cryofixation
[87]. Unfortunately, none of these techniques is free from tissue damage
issues so problems in the accurate evaluation of the analytes of interest
cannot be excluded [88-92]. To date, the best possible application of
these techniques involves the use coupled with substances that minimize
this damage, especially the use of cryoprotectives in freezing [93,94].
The most commonly used cryoprotectants are: DMSO, ethylene glycol,
glycerol, propylene glycol, 2-methyl-2, 4-pentanediol (MPD), trehalose,
formamide, glycerol 3-phosphate, proline, sorbitol, diethylene glycol,
sucrose, triethylene glycol, and polymers [95,96]. The literature search
for studies directed toward assessing possible interference between cry-
opreservatives and potential classes of analytes, or the interaction of the
preservatives themselves with biological tissues has yielded few results
[97,98], indicating that the issue has not yet been fully addressed in the
scientific field.

No treatment technique is perfect for all applications; each technique
has advantages and shortcomings. Therefore, procedures must be opti-
mized for the specific application taking into account the nature of the
analyte [99,100]. The following table (Table 2) shows the main tech-
niques/substances used for these purposes.

The use of chemical preservatives (see Table 2, Part B) is often ap-
plied when the analytes to be searched belong to a restricted class of
compounds and the goal is to block any reaction on them. Many ana-
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Table 2
Main techniques/substances used for the physical process or chemical fixation/stabilization.
Physical process (part A) Refs.
Cool
Temperature ( °C) Used for
—0,5 to —27 Short-term DNA [100,101]
—27 to —40 middle- term DNA [101]
—40 to —80 DNA/RNA [101]
—80 to —130 for urine, blood, blood fractions (plasma, serum [101]
—130 to =150 tissues [101]
Warm
90-95 Pathogen and enzyme disactivation [102]
Chemical process (part B)
NaF, PMSF,BNPP, eserine, paraoxon, acetylcholine, dichlorvos, Ellman’s reagent, DFP Esterase/protease inhibitor [103]
ascorbic acid, mercaptoethanol/propanol, Na metabisulfite,l-cysteine; EDTA as anticoagulant  Antioxidants [103]
dithiothreitol, pyrosulfite Reducing agents [103]
Aprotinine, Dihydrouridine, THU Enzyme inhibitors (peptidase and nuclease) [103]
Formic, Hydrochloridric, O-phosphoric and succinic acid acidifiers [103]

lytes that are substrates of enzymes, through inhibition of these (pro-
teases/esterases, nucleases, etc.) are preserved. For example, Methylec-
gonidine [104], the biomarker for cocaine use, is transformed into Ec-
gonidine through the action of an esterase; the use of both sodium flu-
oride and phenylmethylsulfonylfluoride (PMSF) blocks cholinesterase
and carboxylesterase activity, preventing this biotransformation.

For analytes that can be oxidized in biological tissues, the addition of
antioxidants has been shown to be effective in blocking the reaction. For
example, mitoxantrone (MTZ), an anthracene derivative with cytostatic
action, has a half-life of about 70 h in plasma at room temperature, the
degradation pathway involves oxidation of the phenylenediamine moi-
ety to the corresponding quinoneimine [105]; addition of ascorbic acid
blocks the oxidative process. Acylglucuronides are reactive metabolites
of drugs containing a carboxylic acid moiety, such as diclofenac and
ibuprofen. They are pH labile compounds susceptible to both hydrolysis
and intramolecular acyl migration and are not stable under basic con-
ditions.The degradation of acylglucuronides is negligible at acidic pH,
and the use of acidifiers is fundamental to the quantification of these
metabolic intermediates.

5. Conclusions

General knowledge of potential instability factors for different
classes of compounds may help the bioanalyst to optimize meth-
ods/processes in order to stabilize the sample and prevent phenomena
such as degradation, interconversion, and nonspecific binding. The sam-
ple must be stabilized immediately after the sample collection. However,
unfortunately an operator not trained in “chemical” sample handling,
especially in forensic cases, performs the sample collection sometimes.

This field, in recent years, has been mainly focused on the impor-
tance of "analyte loss" in the pre-extraction phase has been reevaluated
for obtaining an accurate result. The stabilization phase of target ana-
lytes before their extraction from the sample can interest the bioana-
lytical (either as monitoring or as research) and forensic sectors. Given
the heterogeneity of possible samples, it is very complex to develop a
general protocol. This literature review was based on published work in
various fields to enhance the most recent results, particularly between
2018 and 2022.

The 3 critical points that can heavily affect the analysis result
by varying the concentration of analytes were evaluated chemically.
Stability, biological interaction, and preservation methods are evalu-
ated in several examples, collecting the most recent re-ported expe-
riences. Drugs that contain ester functionality, sulfur atoms, or eas-
ily oxidized or reducible functions tend to decompose quickly. It is
strongly recommended that they be stored at —20 °C or lower to avoid
degradation.

In addition to the chemical degradation of analytes, interaction with
the biological matrix, especially with enzymes, can also cause severe
errors in analytical procedures.

Finally, stabilizers and preservatives must be carefully evaluated ac-
cording to the chemical characteristics of the target analyte.

Although the attention paid to avoid "analyte loss" has increased sig-
nificantly in the past 10-15 years, many improvements can still be made,
such as by implementing studies with recovery tests related to the ex-
tractive phase and the pre-extractive phase .

Declaration of Competing Interest

The authors declare no conflict of interest.

Data availability

Data will be made available on request.

Acknowledgments

Authors would like to thank the University “G. d’Annunzio” and the
University of Catania for the support in the literature survey.

References

[1] S.F. Hammad, I.A. Abdallah, R. Bedair, F. Mansour, Homogeneous liquid-liquid
extraction as an alternative sample preparation technique for biomedical analysis,
J. Sep. Sci. 45 (2022) 185-209, doi:10.1002/jssc.202100452.

[2] C.D’Ovidio, M. Bonelli, E. Rosato, A. Tartaglia, H. Ulusoy, V. Samanidou, K. Furton,

A. Kabir, I. Ali, F. Savini, M. Locatelli, U. de Grazia, Novel applications of microex-

traction techniques focused on biological and forensic analyses, Separations 9 (1)

(2022) 18 article, doi:10.3390/separations9010018.

A. Kabir, M. Locatelli, H. Ulusoy, Recent trends in microextraction techniques em-

ployed in analytical and bioanalytical sample preparation, Separations 4 (4) (2017)

36 article, doi:10.3390/separations4040036.

[4] N. Manousi, V. Samanidou, Green sample preparation of alternative biosam-
ples in forensic toxicology, Sus. Chem. Pharm. 20 (2021) 100388 article,
doi:10.1016/j.scp.2021.100388.

[5] D. Bhangare, N. Rajput, T. Jadav, A.K. Sahu, R.K. Tekade, P. Sengupta, Systematic
strategies for degradation kinetic study of pharmaceuticals: an issue of utmost im-
portance concerning current stability analysis practices, J. Anal. Sci. Technol. 13
(2022) 7 article, doi:10.1186/s40543-022-00317-6.

[6] F.T. Peters, Stability of analytes in biosamples - an important issue in clin-
ical and forensic toxicology? Anal. Bioanal. Chem. 7 (2007) 1505-1519,
doi:10.1007/s00216-007-1267-2.

[7]1 G. Skopp, Preanalytic aspects, Forensic Drug Analysis (2013) Ed.,
doi:10.4155/ebo.13.56.

[8] R. Gémez Rioja, D.S.M. Martinez Espartosa, M. Ibarz, M. Llopis, J. Bauca,
I. Marzana, N. Barba, M. Ventura, Garcia Del Pino, J. Puente, A. Caballero,
C. Gémez, A.A.M. Garcia Alvarez, V. Alvarez, Laboratory sample stability. Is it pos-
sible to define a consensus stability function? An example of five blood magnitudes,
Clin. Chem. Lab. Med. 56 (2018) 1806-1818, doi:10.1515/cclm-2017-1189.

[9] A. Wéjtowicz, M. Reciak, P. Nowak, R. Wietecha-Postuszny, A sustainable ap-
proach for the stability study of psychotropic substances using vitreous humor

[3

—


https://doi.org/10.1002/jssc.202100452
https://doi.org/10.3390/separations9010018
https://doi.org/10.3390/separations4040036
https://doi.org/10.1016/j.scp.2021.100388
https://doi.org/10.1186/s40543-022-00317-6
https://doi.org/10.1007/s00216-007-1267-2
https://doi.org/10.4155/ebo.13.56
https://doi.org/10.1515/cclm-2017-1189

V. Greco, A. Giuffrida, M. Locatelli et al.

[10]
[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

and liver as alternative matrices, Anal. Bioanal. Chem. 414 (2022) 6355-6370,
doi:10.1007/500216-022-04064-w.

V. Meneses, D. Mata, Cannabinoid stability in antemortem and postmortem blood,
J. Anal. Toxicol. 44 (2020) 126-132, doi:10.1093/jat/bkz073.

Y. Soh, S. Elliott, An investigation of the stability of emerging new psychoactive
substances, Drug Test Anal. 7-8 (2014) 696-704, doi:10.1002/dta.1576.

S. Kumara, T.R. Baggi, Analytical methods for herbal products containing
synthetic cannabinoids: a review, Forensic Chem. 27 (2022) 100396 article,
doi:10.1016/j.forc.2021.100396.

P. Kuropka, M. Zawadzki, P. Szpot, A review of synthetic cathinones emerg-
ing in recent years (2019-2022), Forensic Toxicol. 41 (1) (2023) 25-46,
doi:10.1007/511419-022-00639-5.

C. Liu, Z. Hua, W. Jia, T. Li, Identification of AD-18, 5F-MDA-19, and pentyl MDA-
19 in seized materials after the class-wide ban of synthetic cannabinoids in China,
Drug Test Anal. (2022) 307-316, doi:10.1002/dta.3185.

B. Pulver, T. Schonberger, D. Weigel, M. Kock, Y. Eschenlohr, T. Lucas,
N. Podlesnik, T. Opatz, W. Dreiseitel, M. Piitz, J. Schéper, A. Jacobsen-Bauer,
V. Auwirter, F. Westphal, Structure elucidation of the novel synthetic cannabinoid
Cumyl-Tosyl-Indazole-3-Carboxamide (Cumyl-TSINACA) found in illicit products
in Germany, Drug Test Anal. 8 (2022) 1387-1406, doi:10.1002/dta.3261.

F. Zapata, J.M. Matey, G. Montalvo, C. Garcia-Ruiz, Chemical classification of
new psychoactive substances (NPS), Microchem. J 163 (2021) 105877 article,
doi:10.1016/j.microc.2020.105877.

S. Susman, 1. Berindan-Neagoe, B. Petrushev, R. Pirlog, I. Florian, C. Mihu, C. Berce,
L. Craciun, R. Grewal, C. Tomuleasa, The role of the pathology department in the
preanalytical phase of molecular analyses, Cancer Manag. Res. 10 (2018) 745-753,
doi:10.2147/CMAR.S150851.

E. Valo, M. Colombo, N. Sandholm, S.J. McGurnaghan, L.A.K. Blackbourn,
D.B. Dunger, P.M. McKeigue, C. Forsblom, P.H. Groop, H.M. Colhoun,
C. Turner, R.N. Dalton, Effect of serum sample storage temperature on
metabolomic and proteomic biomarkers, Sci. Rep. 12 (2022) 4571 article,
doi:10.1038/s41598-022-08429-0.

M. Senthilraja, A chemical rationale of drug stability and degradation- an in-
sightful approach, IP Int. J. Compreh. Adv. Pharmacol. 7 (2022) 102-105,
doi:10.18231/j.ijcaap.2022.019.

T. Mwene-Mbeja, Chemical stability of pharmaceutical organic compounds, Am. J.
Biomed. Sci. Res. 6 (2019) 14-22, doi:10.34297/AJBSR.2019.06.000984.

H. de Souza, J. Guedes, R. Freitas, L. Gelves, H. Fokoue, C. Sant’Anna, E. Bar-
reiro, L. Lima, Comparative chemical and biological hydrolytic stability of ho-
mologous esters and isosteres, J. Enzyme Inhib. Med. Chem. 37 (2022) 718-727,
doi:10.1080/14756366.2022.2027933.

L. Shervington, O. Ingham, Investigating the stability of six phenolic TMZ ester
analogues, incubated in the presence of porcine liver esterase and monitored by
HPLC, Molecules 27 (2022) 2958 article, doi:10.3390/molecules27092958.

T. Huertas, J.C.M. Salguero, T. Soriano, J. Gamero, Stability studies in
biological fluids during post-analysis custody. Opiate compounds de-
rived from heroin consumption, Forensic Sci. Int. 297 (2019) 326-334,
doi:10.1016/j.forsciint.2019.02.016.

W. Jaidee, I. Siridechakorn, S. Nessopa, V. Wisuitiprot, N. Chaiwangrach, K. In-
gkaninan, N. Waranuch, Kinetics of CBD, A9-THC degradation and cannabinol
formation in Cannabis Resin at various temperature and pH conditions, Cannabis
Cannabinoid Res. 4 (2022) 537-547, doi:10.1089/can.2021.0004.

K.C.P. Scott, J. Njardarson, Phenols in pharmaceuticals: analysis of a recurring
motif, J. Med. Chem. 65 (2022) 7044-7072, doi:10.1021/acs.jmedchem.2c00223.
Y. Huang, F. Yang, L. Guo, Y. Xu, X. Yu, Z. Zhang, Y. Zhang, Plasma pharmacokinet-
ics and tissue distribution of doxorubicin in rats following treatment with astragali
radix, Pharmaceuticals 15 (2022) 1104 article, doi:10.3390/ph15091104.

J. Lee, S. Zhou, M. Chiang, X. Zang, T. Kim, L. Kagan, Interspecies prediction
of pharmacokinetics and tissue distribution of doxorubicin by physiologically-
based pharmacokinetic modeling, Biopharm. Drug Dispos. 41 (2020) 192-205,
doi:10.1002/bdd.2229.

S. van der Zanden, X. Qiao, J. Neefjes, New insights into the activities and tox-
icities of the old anticancer drug doxorubicin, Febs J. 288 (2021) 6095-6111,
doi:10.1111/febs.15583.

D. Kaushik, G. Bansal, Four new degradation products of doxorubicin: an applica-
tion of forced, J. Pharm. Anal. 5 (2015) 285-295, doi:10.1016/j.jpha.2015.05.003.
N. Kontny, G. Hempel, J. Boos, A. Boddy, M. Krischke, Minimization of the pre-
analytical error in plasma samples for pharmacokinetic analyses and therapeutic
drug monitoring-using doxorubicin as an example, Ther. Drug Monit. 6 (2011)
766-771, doi:10.1097/FTD.0b013e31823aa8ab.

C. Siebel, C. Lanvers-Kaminsky, G. Wiirthwein, G. Hempel, J. Boos, Bio-
analysis of doxorubicin aglycone metabolites in human plasma samples—
implications for doxorubicin drug monitoring, Sci. Rep. 10 (2020) 18562 article,
doi:10.1038/541598-020-75662-w.

A. Gumieniczek, K. Lejwoda, N. Data, Chemical stability study of H1 anti-
histaminic drugs from the first and the second generations, diphenhydramine,
azelastine and bepotastine, in pure APIs and in the presence of two excip-
ients, citric acid and polyvinyl alcohol, Molecules 27 (2022) 8322 article,
doi:10.3390/molecules27238322.

K. Dobo, M. Kenyon, O. Dirat, M. Engel, A.M.M. Fleetwood, S. Mattano, A. Musso,
J. McWilliams, A. Papanikolaou, P. Parris, J. Whritenour, S. Yu, A. Kalgutkar,
Practical and science-based strategy for establishing acceptable intakes for drug
product N-Nitrosamine impurities, Chem. Res. Toxicol. 35 (2022) 475-489,
doi:10.1021/acs.chemrestox.1c00369.

L. Binbin, L. Shiling, The importance of amine-degrading enzymes on the biogenic

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

Advances in Sample Preparation 6 (2023) 100066

amine degradation in fermented foods: a review, Process Biochem. 99 (2020) 331-
339, doi:10.1016/j.procbio.2020.09.012.

Z. Yu-jia, Z. Yuan, Z. Yu, L. Guo-hui, Y. Wen-zhen, F. Xue-song, A review
of pretreatment and analytical methods of biogenic amines in food and bi-
ological samples since 2010", J. Chromatogr. A 1605 (2019) 360361 article,
doi:10.1016/j.chroma.2019.07.015.

L. Glicksberg, S. Rana, S. Kerrigan, Cathinone stability in authentic urine
specimens, Forensic Sci. Int. 286 (2018) 54-60, doi:10.1016/j.forsciint.2018.
02.016.

H. Vasconcelos, L. Coelho, A. Matias, C. Saraiva, P. Jorge, J. de Almeida,
Biosensors for biogenic amines: a review, Biosensors 82 (2021) 3 article,
d0i:10.3390/bios11030082.

H. Ciallella, L. Rutter, L. Nisbet, K. Scott, Extended stability evaluation of se-
lected cathinones, Front. Chem. 8 (2020) 597726 article, doi:10.3389/fchem.
2020.597726.

S. Lee, W.S. Shim, H. Yoo, S. Choi, J. Yoon, K.Y. Lee, E.K. Chung, B.C. Lee, S.V. Yim,
B.H. Kim, K.T.A. Lee, Pharmacokinetic study of ephedrine and pseudoephedrine
after oral administration of Ojeok-San by validated LC-MS/MS method in human
plasma, Molecules 26 (2021) 6991 article, doi:10.3390/molecules26226991.

E. Alvaro-Alonso, M. Lorenzo, A. Gonzalez-Prieto, E. Izquierdo-Garcia, I. Escobar-
Rodriguez, A. Aguilar-Ros, Physicochemical and microbiological stability of two
oral solutions of methadone hydrochloride 10mg/mL, Molecules 27 (2022) 2812
article, doi:10.3390/molecules27092812.

E. Alvaro-Alonso, M. Lorenzo, I. Escobar-Rodriguez, A. Aguilar-Ros, Development
and validation of a HPLC-UV method for methadone hydrochloride quantification
in a new oral solution with preservatives to be implemented in physicochemi-
cal stability studies, BMC Chem. 16 (2022) 32 article, doi:10.1186/513065-022-
00827-9.

A. Aldubayyan, E. Castrignano, S. Elliott, V. Abbate, Stability of synthetic cathi-
nones in clinical and forensic toxicological analysis-where are we now? Drug Test
Anal. 13 (2021) 44-68, doi:10.1002/dta.2990.

A.R.E.MG. Mazumder, L. Wang, T. Seyler, A new automated method for the analysis
of aromatic amines in human urine by GC-MS/MS, J. Anal. Toxicol. 43 (2019) 25—
35, doi:10.1093/jat/bky045.

S. Chinthakindi, K. Kannan, A liquid chromatography-tandem mass spectrometry
method for the analysis of primary aromatic amines in human urine, J. Chromatogr.
B 1180 (2021) 122888 article, doi:10.1016/j.jchromb.2021.122888.

A. Gazzali, M. Lobry, L. Colombeau, S. Acherar, H. Azais, S. Mordon, P. Arnoux,
F. Baros, R. Vanderesse, C. Frochot, Stability of folic acid under several parameters,
Eur. J. Pharm. Sci. 93 (2016) 419-430, doi:10.1016/].ejps.2016.08.045.

A. Zayed, R. Bustami, W. Alabsi, T. El-Elimat, Development and validation
of a rapid high-performance liquid chromatography-tandem mass spectrometric
method for determination of folic acid in human plasma, Pharmaceuticals 11
(2018) 52 article, doi:10.3390/ph11020052.

L.L. Wusigale, Folates: stability and interaction with biological molecules, J. Agric.
Food Res. 2 (2020) 100039 article, doi:10.1016/j.jafr.2020.100039.

N. Paladugula, Z. Fazili M. Sternberg, G. Gabey, C. Pfeiffer, Serum folate
forms are stable during repeated analysis in the presence of ascorbic acid
and during frozen sample storage, J. Appl. Lab. Med. 3 (2019) 993-1002,
doi:10.1373/jalm.2018.027102.

M. Schittmayer, R. Birner-Gruenberger, N. Zamboni, Quantification of cellular fo-
late species by LC-MS after stabilization by derivatization, Anal. Chem. 90 (2018)
7349-7356, doi:10.1021/acs.analchem.8b00650.

L. Long, Z. Ying, Z. Feiyu, L. Hui, I. Jibran, W. Ting, D. Yiping, Rapid detection of
sulfamethoxazole in plasma and food samples with in-syringe membrane SPE cou-
pled with solid-phase fluorescence spectrometry, Food Chem. 320 (2020) 126612
article, doi:10.1016/j.foodchem.2020.126612.

S. Dowlatshah, E. Santigosa, M. Saraji, M. Paydn, A selective and efficient mi-
crofluidic method-based liquid phase microextraction for the determination of
sulfonamides in urine samples, J. Chromatogr. A 1652 (2021) 462344 article,
doi:10.1016/j.chroma.2021.462344.

1. St-Jean, M. Friciu, A. Monfort, J.F.J. MacMahon, S. Walker, G. Leclair, Stability
of extemporaneously compounded suspensions of trimethoprim and sulfamethox-
azole in amber plastic bottles and amber plastic syringes, Can. J. Hosp. Pharm. 74
(2021) 327-333, doi:10.4212/cjhp.v74i4.3194.

H. Jiahui, L. Xiaoyan, L. Feifei, F. Wenjie, L. Lin, L. Bing, Comparison
of chemical and biological degradation of sulfonamides: solving the mys-
tery of sulfonamide transformation, J. Haz. Mat. 424 (2022) 127661 article,
doi:10.1016/j.jhazmat.2021.127661.

A. Ovung, J. Bhattacharyya, Sulfonamide drugs: structure, antibacterial prop-
erty, toxicity, and biophysical interactions, Biophys. Rev. 13 (2021) 259-272,
doi:10.1007/512551-021-00795-9.

A. Bravo, M. Aguilera, N. Marziali, L. Moritz, V. Wingert, K. Klotz, A. Schumann,
S. Griinert, U. Spiekerkoetter, U. Berger, A. Lederer, R. Huber, L. Hannibal, Analysis
of S-Adenosylmethionine and S-Adenosylhomocysteine: method optimisation and
profiling in healthy adults upon short-term dietary intervention, Metabolites 12
(2022) 373 article, doi:10.3390/metabo12050373.

A. Ivanov, E. Dubchenko, M. Kruglova, E. Virus, P. Bulgakova, V. Alexandrin, A. Fe-
doseev, A. Boyko, S. Grachev, A. Kubatiev, Determination of S-adenosylmethionine
and S-adenosylhomocysteine in blood plasma by UPLC with fluorescence detection,
J. Chromatogr. B 1124 (2019) 366-374, doi:10.1016/j.jchromb.2019.06.032.

J. Krijt, A. Dut4, V. Kozich, Determination of S-Adenosylmethionine and
S-Adenosylhomocysteine by LC-MS/MS and evaluation of their stability in
mice tissues, J. Chromatogr. B 877 (2009) 2061-2066, doi:10.1016/j.jchromb.
2009.05.039.

A.F.S.D.M. Francioso, E. Lendaro, N. Miraglia, M. Fontana, R. Cavallaro, L. Mosca,


https://doi.org/10.1007/s00216-022-04064-w
https://doi.org/10.1093/jat/bkz073
https://doi.org/10.1002/dta.1576
https://doi.org/10.1016/j.forc.2021.100396
https://doi.org/10.1007/s11419-022-00639-5
https://doi.org/10.1002/dta.3185
https://doi.org/10.1002/dta.3261
https://doi.org/10.1016/j.microc.2020.105877
https://doi.org/10.2147/CMAR.S150851
https://doi.org/10.1038/s41598-022-08429-0
https://doi.org/10.18231/j.ijcaap.2022.019
https://doi.org/10.34297/AJBSR.2019.06.000984
https://doi.org/10.1080/14756366.2022.2027933
https://doi.org/10.3390/molecules27092958
https://doi.org/10.1016/j.forsciint.2019.02.016
https://doi.org/10.1089/can.2021.0004
https://doi.org/10.1021/acs.jmedchem.2c00223
https://doi.org/10.3390/ph15091104
https://doi.org/10.1002/bdd.2229
https://doi.org/10.1111/febs.15583
https://doi.org/10.1016/j.jpha.2015.05.003
https://doi.org/10.1097/FTD.0b013e31823aa8ab
https://doi.org/10.1038/s41598-020-75662-w
https://doi.org/10.3390/molecules27238322
https://doi.org/10.1021/acs.chemrestox.1c00369
https://doi.org/10.1016/j.procbio.2020.09.012
https://doi.org/10.1016/j.chroma.2019.07.015
https://doi.org/10.1016/j.forsciint.2018.\penalty -\@M 02.016
https://doi.org/10.3390/bios11030082
https://doi.org/10.3389/fchem.\penalty -\@M 2020.597726
https://doi.org/10.3390/molecules26226991
https://doi.org/10.3390/molecules27092812
https://doi.org/10.1186/s13065-022-\penalty -\@M 00827-9
https://doi.org/10.1002/dta.2990
https://doi.org/10.1093/jat/bky045
https://doi.org/10.1016/j.jchromb.2021.122888
https://doi.org/10.1016/j.ejps.2016.08.045
https://doi.org/10.3390/ph11020052
https://doi.org/10.1016/j.jafr.2020.100039
https://doi.org/10.1373/jalm.2018.027102
https://doi.org/10.1021/acs.analchem.8b00650
https://doi.org/10.1016/j.foodchem.2020.126612
https://doi.org/10.1016/j.chroma.2021.462344
https://doi.org/10.4212/cjhp.v74i4.3194
https://doi.org/10.1016/j.jhazmat.2021.127661
https://doi.org/10.1007/s12551-021-00795-9
https://doi.org/10.3390/metabo12050373
https://doi.org/10.1016/j.jchromb.2019.06.032
https://doi.org/10.1016/j.jchromb.\penalty -\@M 2009.05.039

V. Greco, A. Giuffrida, M. Locatelli et al.

[591

[60]

[61]

[62]

[63]

[64]

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

[791

[80]

[81]

[82]

Pharmacokinetic properties of a novel formulation of S-adenosyl-L-methionine phy-
tate, Amino Acids 53 (2021) 1559-1568, doi:10.1007/500726-021-03076-7.

H. Yu, H. Yang, E. Shi, W. Tang, Development and clinical application of
phosphorus-containing drugs, Med. Drug Discov. 8 (2020) 100063 article,
doi:10.1016/j.medidd.2020.100063.

B. Le-Vinh, Z.B. Akkus-Dagdeviren, N.M.N. Le, I. Nazir, A. Bernkop-Schniirch, Alka-
line phosphatase: a reliable endogenous partner for drug delivery and diagnostics,
Adv. Ther. 5 (2022) 210019 article, doi:10.1002/adtp.202100219.

A. Wiemer, Metabolic efficacy of phosphate prodrugs and the Remdesivir
paradigm, ACS Pharmacol. Transl. Sci 3 (2020) 613-626, doi:10.1021/ac-
sptsci.0c00076.

N. Lentini, X. Huang, M. Schladetsch, C. Hsiao, D. Wiemer, A. Wiemer, Efficiency
of bis-amidate phosphonate prodrugs, Bioorg. Med. Chem. Lett. 66 (2022) 128724
article, doi:10.1016/j.bmcl.2022.128724.

W. Huy, L. Chang, Y. Yang, X. Wang, Y. Xie, J. Shen, B. Tan, J. Liu, Pharmacokinet-
ics and tissue distribution of remdesivir and its metabolites nucleotide monophos-
phate, nucleotide triphosphate, and nucleoside in mice, Acta Pharmacol. Sin. 42
(2021) 1195-1200, doi:10.1038/541401-020-00537-9.

R. Pasupuleti, P. Tsai, V. Ponnusamy, A. Pugazhendhi, Rapid determina-
tion of remdesivir (SARS-CoV-2 drug) in human plasma for therapeutic drug
monitoring in COVID-19-Patients, Process Biochem. 102 (2021) 150-156,
doi:10.1016/j.procbio.2020.12.014.

J. Alvarez, P. Moine, L. Etting, D. Annane, I. Larabi, Quantification of plasma remde-
sivir and its metabolite GS-441524 using liquid chromatography coupled to tandem
mass spectrometry. Application to a Covid-19 treated patient, Clin. Chem. Lab.
Med. 58 (2020) 1461-1468, doi:10.1515/cclm-2020-0612.

M. Rizk, M. Sultan, B.M. Tawfik, R. El-Eryan, Highly sensitive and selective sensing
probe for determination of anti-Covid-19 Remdesvir: application to pharmaceutical
dosage form and biological fluids, J. Electrochem. Soc. 169 (2022) 026522 article,
d0i:10.1149/1945-7111/ac53ca.

S. Dadinaboyina, N. Yerra, B. Adimoolam, S. Parsa, N. Bathini, J. Thota, Iden-
tification and characterization of degradation products of Remdesivir using lig-
uid chromatography/mass spectrometry, New J. Chem. 45 (2021) 7217-7224,
doi:10.1039/D1NJ00160D.

A. Chakraborty, A. Diwan, V. Chiniga, V. Arora, P. Holkar, Y. Thakur, J. Tatake,
R. Barton, N. Holkar, R. Pandey, B. Pond, Dual effects of NV-CoV-2 biomimetic
polymer: an antiviral regimen against COVID-19, PLOS One 17 (2022) 0278963
article, doi:10.1371/journal.pone.0278963.

S. Jones, C. McGowan, S. Boyle, Y. Ke, C.H.M. Chan, H. Hwang, An overview of
sample preparation in forensic toxicology, Wiley Interdiscip. Rev. Forensic Sci. 4
(2022) €1436 article, doi:10.1002/wfs2.1436.

R. Ingle, S. Zeng, H. Jiang, W. Fang, Current developments of bioanalytical sample
preparation techniques in pharmaceuticals, J. Pharm. Anal. 12 (2022) 517-529,
doi:10.1016/j.jpha.2022.03.001.

B. Testa, A. Pedretti, G. Vistoli, Reactions and enzymes in the metabolism
of drugs and other xenobiotics, Drug Discov. Today 17 (2012) 549-560,
doi:10.1016/j.drudis.2012.01.017.

M. Burin, C. Dutra-Filho, J. Brum, T. Mauricio, M. Amorim, R. Giugliani, Effect of
collection, transport, processing and storage of blood specimens on the activity of
lysosomal enzymes in plasma and leukocytes, Braz. J. Med. Biol. Res. 33 (2000)
1003-1013, doi:10.1590/50100-879x2000000900003.

S. Fu, F. Yu, Z. Hu, T. Sun, Metabolism-mediated drug-drug interactions — Study
design, data analysis, and implications for in vitro evaluations, Med. Drug Discov.
14 (2022) 100121 article, doi:10.1016/j.medidd.2022.100121.

A. Prabodh, S. Sinn, F. Biedermann, Analyte sensing with unselectively binding syn-
thetic receptors: virtues of time-resolved supramolecular assays, Chem. Commun.
58 (2022) 13947-13950, doi:10.1039/D2CC04831K.

M. Moody, M. Ringel, C. Mathews, K. Midthun, Determination of cross-reactivity of
contemporary cannabinoids with THC direct immunoassay (ELISA) in whole blood,
J. Anal. Toxicol. 46 (2022) 844-851, doi:10.1093/jat/bkac051.

K. Albert, N. Lewis, C. Schauer, G. Sotzing, S. Stitzel, T. Vaid, D. Walt,
Cross-reactive chemical sensor arrays, Chem. Rev. 100 (2000) 2595-2626,
doi:10.1021/cr980102w.

R. Dinis-Oliveira, D. Vieira, T. Magalhaes, Guidelines for collection of biological
samples for clinical and forensic toxicological analysis, Forensic Sci. Res. 1 (2017)
42-51, doi:10.1080/20961790.2016.1271098.

H. Dash, S. Das, Microbial degradation of forensic samples of biological origin:
potential threat to human DNA typing, Mol. Biotechnol. 60 (2018) 141-163,
doi:10.1007/512033-017-0052-5.

V. Boumba, Modeling postmortem ethanol production/insights into the ori-
gin of higher alcohols, Molecules 27 (2022) 700 article, doi:10.3390/
molecules27030700.

V. Marti, M. Augsburger, C. Widmer, C. Lardi, Significant postmortem diffu-
sion of ethanol: a case report, Forensic Sci. Int. 328 (2021) 111046 article,
doi:10.1016/j.forsciint.2021.111046.

S. Hegstad, L. Kristoffersen, V. Liane, O. Spigset, EtG and EtS in autopsy blood
samples with and without putrefaction using UPLC-MS-MS, J. Anal. Toxicol. 41
(2017) 107-113, doi:10.1093/jat/bkw123.

G. Hpiseth, R. Karinen, A. Christophersen, L. Olsen, P. Normann, J. Mgrland,
A study of ethyl glucuronide in post-mortem blood as a marker of
ante-mortem ingestion of alcohol, Forensic Sci. Int. 165 (2007) 41-45,
doi:10.1016/j.forsciint.2006.02.045.

[83]

[84]

[85]

[86]

871

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[971

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Advances in Sample Preparation 6 (2023) 100066

G. Hopiseth, L. Kristoffersen, B. Larssen, M. Arnestad, N. Hermansen, J. Mgrland, In
vitro formation of ethanol in autopsy samples containing fluoride ions, Int. J. Legal
Med. 122 (2008) 63-66, doi:10.1007/s00414-007-0166-6.

K. Oshaug, R. Kronstrand, F. Kugelberg, L. Kristoffersen, J. Mgrland, G. Hgiseth,
Frequency of postmortem ethanol formation in blood, urine and vitreous humor
- improving diagnostic accuracy with the use of ethylsulphate and putrefactive
alcohols, Forensic Sci. Int. 331 (2022) 111152 article, doi:10.1016/j.forsciint.
2021.111152.

F. Savini, A. Tartaglia, L. Coccia, D. Palestini, C. D’Ovidio, G.U. d, G. Merone,
E. Bassotti, M. Locatelli, Ethanol determination in post-mortem samples: correla-
tion between blood and vitreous humor concentration, Molecules 25 (2020) 2724
article, doi:10.3390/molecules25122724.

G. Musile, N. Pigaiani, E. Pasetto, M. Ballotari, F. Tagliaro, F. Bortolotti, Valida-
tion of a new salt-assisted HS-GC-FID method for the determination of ethanol
in vitreous humor, J. Anal. Toxicol. 46 (9) (2023) e274-e279, doi:10.1093/jat/
bkac087.

H.P.M. Nguyen, K.L. McGuire, B.D. Cook, M.A. Herzik Jr, Manual blot-and-plunge
freezing of biological specimens for single-particle cryogenic electron microscopy,
J. Vis. Exp. (180) (2022) 62765, doi:10.3791/62765.

M.F. Riesco, D.G. Valcarce, V. Robles, 1. Fernandez, J. Fernandes, Molecular ap-
proaches on DNA damage evaluation after primordial germ cell cryopreservation in
zebrafish, in: Cellular and Molecular Approaches in Fish Biology, Academic Press,
2022, pp. 49-68.

Q. Guo, E. Lakatos, I.A. Bakir, et al., The mutational signatures of for-
malin fixation on the human genome, Nat. Commun. 13 (2022) 4487,
doi:10.1038/541467-022-32041-5.

N. Shaker, R. Sardana, S. Hamasaki, D.G. Nohle, L.W. Ayers, A.V. Parwani, Accu-
racy of whole slide image based image analysis is adversely affected by preanalyti-
cal factors such as stained tissue slide and paraffin block age, J. Pathol. Inform. 13
(2022) 100121, doi:10.1016/j.jpi.2022.100121.

W. Jones, S. Greytak, H. Odeh, P. Guan, J. Powers, J. Bavarva, H.M. Moore, Dele-
terious effects of formalin-fixation and delays to fixation on RNA and miRNA-Seq
profiles, Sci. Rep. 9 (1) (2019) 6980, doi:10.1038/541598-019-43282-8.

J. Li, S.R. Greytak, P. Guan, K.B. Engel, D.S. Goerlitz, Md Islam, R.S. Varghese,
H.M. Moore, H.W. Ressom, Formalin fixation, delay to fixation, and time in fixative
adversely impact copy number variation analysis by aCGH, Biopreserv. Biobank.
(2022), doi:10.1089/bi0.2022.0036.

T. Ishizaki, Y. Takeuchi, K. Ishibashi, et al., Cryopreservation of tissues by slow-
freezing using an emerging zwitterionic cryoprotectant, Sci Rep 13 (2023) 37,
doi:10.1038/541598-022-23913-3.

K.A. Murray, M.I. Gibson, Chemical approaches to cryopreservation, Nat. Rev.
Chem. 6 (2022) 579-593, doi:10.1038/541570-022-00407-4.

S. Bhattacharya, Cryopretectants and their usage in cryopreservation process, Cry-
opreserv. Biotechnol. Biomed. Biol. Sci. (2018) IntechOpen, doi:10.5772/inte-
chopen.80477.

S. Amalkrishna, B. Sankha, A. Bhattacharya, B. Gopalbhai, P. Bhupendra, G. Pra-
japati, A review on cryoprotectant and its modern implication in cryonics, Asian J.
Pharm. 10 (3 1) (2016) 1-6.

T. Osuga, et al., Methylation of the cryopreservative N-methylacetamide into
N,N-dimethylacetamide in the living body, Nanomed. Nanotechnol. 3 (1) (2018)
000133.

L.C.M. Ladeira, E.C. dos Santos, G.E. Valente, et al., Could biological tissue
preservation methods change chemical elements proportion measured by en-
ergy dispersive X-ray spectroscopy? Biol. Trace Elem. Res. 196 (2020) 168-172,
d0i:10.1007/s12011-019-01909-x.

S. Unhale, A. Skubitz, R. Solomon, A. Hubel, Stabilization of tissue specimens for
pathological examination and biomedical research, Biopreserv. Biobank. 10 (2012)
493-500, doi:10.1089/bi0.2012.0031.

E. Zubeldia-Varela, D. Barber, C. Barbas, M. Perez-Gordo, D. Rojo, Sam-
ple pre-treatment procedures for the omics analysis of human gut micro-
biota: turning points, tips and tricks for gene sequencing and metabolomics,
J. Pharm. Biomed. Anal. 191 (2020) 113592 article, doi:10.1016/j.jpba.2020.
113592.

J. Vaught, M. Henderson, Biological sample collection, processing, storage and in-
formation management, IARC Sci. Publ. 163 (2011) 23-42.

M. Ahnoff, L. Cazares, K. Skold, Thermal inactivation of enzymes and
pathogens in biosamples for MS analysis, Bioanalysis 7 (2015) 1885-1899,
doi:10.4155/bio.15.122.

M. Hilhorst, P. van Amsterdam, K. Heinig, E. Zwanziger, R. Abbott, Stabi-
lization of clinical samples collected for quantitative bioanalysis-a reflection
from the European Bioanalysis Forum, Bioanalysis 7 (3) (2015) 333-343,
doi:10.4155/bi0.14.290.

R. Roque Bravo, A.C. Faria, A.M. Brito-da-Costa, H. Carmo, P. Mladénka, D. Dias
da Silva, Remido F, Cocaine: an updated overview on chemistry, detection, bioki-
netics, and pharmacotoxicological aspects including abuse pattern, Toxins (Basel)
14 (2022) 278, doi:10.3390/toxins14040278.

T.B. Briick, D.W. Briick, Oxidative metabolism of the anti-cancer agent mitox-
antrone by horseradish, lacto-and lignin peroxidase, Biochimie 93 (2) (2011) 217-
226, doi:10.1016/j.biochi.2010.09.015.


https://doi.org/10.1007/s00726-021-03076-7
https://doi.org/10.1016/j.medidd.2020.100063
https://doi.org/10.1002/adtp.202100219
https://doi.org/10.1021/acsptsci.0c00076
https://doi.org/10.1016/j.bmcl.2022.128724
https://doi.org/10.1038/s41401-020-00537-9
https://doi.org/10.1016/j.procbio.2020.12.014
https://doi.org/10.1515/cclm-2020-0612
https://doi.org/10.1149/1945-7111/ac53ca
https://doi.org/10.1039/D1NJ00160D
https://doi.org/10.1371/journal.pone.0278963
https://doi.org/10.1002/wfs2.1436
https://doi.org/10.1016/j.jpha.2022.03.001
https://doi.org/10.1016/j.drudis.2012.01.017
https://doi.org/10.1590/s0100-879x2000000900003
https://doi.org/10.1016/j.medidd.2022.100121
https://doi.org/10.1039/D2CC04831K
https://doi.org/10.1093/jat/bkac051
https://doi.org/10.1021/cr980102w
https://doi.org/10.1080/20961790.2016.1271098
https://doi.org/10.1007/s12033-017-0052-5
https://doi.org/10.3390/\penalty -\@M molecules27030700
https://doi.org/10.1016/j.forsciint.2021.111046
https://doi.org/10.1093/jat/bkw123
https://doi.org/10.1016/j.forsciint.2006.02.045
https://doi.org/10.1007/s00414-007-0166-6
https://doi.org/10.1016/j.forsciint.\penalty -\@M 2021.111152
https://doi.org/10.3390/molecules25122724
https://doi.org/10.1093/jat/\penalty -\@M bkac087
https://doi.org/10.3791/62765
http://refhub.elsevier.com/S2772-5820(23)00016-5/sbref0088
https://doi.org/10.1038/s41467-022-32041-5
https://doi.org/10.1016/j.jpi.2022.100121
https://doi.org/10.1038/s41598-019-43282-8
https://doi.org/10.1089/bio.2022.0036
https://doi.org/10.1038/s41598-022-23913-3
https://doi.org/10.1038/s41570-022-00407-4
https://doi.org/10.5772/intechopen.80477
http://refhub.elsevier.com/S2772-5820(23)00016-5/sbref0096
http://refhub.elsevier.com/S2772-5820(23)00016-5/sbref0097
https://doi.org/10.1007/s12011-019-01909-x
https://doi.org/10.1089/bio.2012.0031
https://doi.org/10.1016/j.jpba.2020.\penalty -\@M 113592
http://refhub.elsevier.com/S2772-5820(23)00016-5/sbref0101
https://doi.org/10.4155/bio.15.122
https://doi.org/10.4155/bio.14.290
https://doi.org/10.3390/toxins14040278
https://doi.org/10.1016/j.biochi.2010.09.015

	Emerging procedures and solvents in biological sample pre-treatment
	1 Introduction
	2 Chemical stability of drugs
	2.1 Oxygenate compounds
	2.1.1 Ester
	2.1.2 Poly oxygenate compounds
	2.1.3 Ethers

	2.2 Amines
	2.2.1 Aliphatic amines
	2.2.2 Aromatic amines

	2.3 Compounds containing sulfur
	2.4 Compounds containing phosphorous

	3 Matrix interactions
	3.1 Enzymatic degradation
	3.2 Cross interference
	3.3 Bacterial and microbiological decomposition


	4 Storage and preservatives
	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


