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A B S T R A C T   

Doping in sports is defined as violating any anti-doping guidelines issued by World anti-doping agency (WADA), 
which might include ingesting illegal or illicit performance-enhancing medications or using other unlawful 
practices. Doping has been scientifically shown to have major adverse health impacts, such as hypertension, an 
increased prevalence of cardio-vascular ailments, liver damage, as well as psychological dependence. It also 
plainly tarnishes the spirit, prestige, and worth of sports. Moreover, it is also linked to a number of untimely 
deaths in mainstream sports. As a result, there is a significant priority imposed on the present globalised issue 
of doping in sports and thus, this problem is becoming more and more apparent to health authorities, leading to 
the issuance of numerous novel techniques and guidelines to control doping in many literature reviews and 
editorials that have been publicly released till present day, but the large percentage of them are strictly limited to 
the anti-doping analytical advances only within a particular class of drugs. Advances in analytical chemistry are a 
requisite for the majority of significant anti-doping research fields, hence numerous such analytical based 
experimental approaches or techniques, like mass spectrometry, gas chromatography, etc., are routinely 
employed to detect doping in athletes. Herein, this review aims to provide a thorough and critical assessment of 
the academic research on the substantial advancements in anti-doping analytical approaches over the last decade 
and also, provides a broader visionary for various classes and their respective subclasses of prohibited drugs/ 
substances along with their chemical, structural, biological and analytical profile along with their utilization as 
per the official guidelines of World anti-doping agency (WADA).  
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1. Introduction 

Doping is essentially the unethical consumption of substances that 
seems to enhance one’s performance, once ingested in copious quanti
ties [1]. The usage of performance-enhancing drugs (PEDs) to enhance 
efficiency in sport traces back to the 3rd century BCE in Greek Olympics, 
where sportsmen used a wide assortment of medicinal herbs like wine, 
halogenic mushrooms, and sometimes even animal testicles in the 
optimism to become physically stronger [2]. In the late 1800 s and early 
1900 s, numerous athletes utilized special dopants to achieve a 
competitive edge. These specialized dopants contained a customizable 
unique blend of flavourings including such brandy, caffeine, cocaine, 
and heroin aimed to minimize fatigue, enhance ability to focus, restrict 
hunger, and ease the pain of physical extortion. The first sports body to 
forbid the use of performance-enhancing substances was the Interna
tional Association of Athletes Federation and was established in 1928. 
Doping with performance-enhancing stimulants has become a progres
sively significant matter in both amateur and professional sporting ac
tivities [3,4]. Assessing the pervasiveness of doping in sport is pertinent 
for all units associated with sports organizations; but it is important to 
evaluate the incidence as well as the frequency of doping for anti-doping 
officials to assess the efficacy of their anti-doping policy initiatives and 
also the relevance of the socioeconomic capital invested to avoid 
favourable perceptions toward doping [5,6]. The assumption that doped 
athletes have negative effects on elite athletes has been supported and 
substantiated by a number of comprehensive research [7]. A range of 
scientific methodologies have been carried out to assess and improve the 
detection and treatment of the present doping situation. As the detection 
method for performance enhancing drugs in sports athletes has 
enhanced, a growing percentage of sportsmen are now being zapped as 
the detection limits become more substantial [8]. The World Anti- 
Doping Agency (WADA) was established in 1999, ever since, there 

seems to be a significant anti-doping campaign among sports organisa
tions and government authorities, with the main objective of minimizing 
the incidence and frequency of doping in sports. The goal of WADA is to 
spearhead a cooperative global movement for doping-free sport world
wide. A Prohibited List is a list of illicit substances and practices for the 
sportspersons is maintained on a regular basis by the WADA [9]. The 
prohibited list of 2022 delineates performance-enhancing substances 
into multiple categories, such as “Prohibited at all times”, “Prohibited 
in-competition”, and “Prohibited in particular sports” (see Table. 1). The 
aforementioned categories further contain drugs of distinct classes, such 
as anabolic androgenic steroids, cannabinoids, and beta-blockers 
respectively [9].Table 2. 

Sports physicians must be aware of the procedure and legal re
quirements governing drugesting while treating an athlete [10]. Sig
nificant advancements have been documented in every aspect of anti- 
doping analysis. The achieved advancements were made possible by 
the coordinated efforts of many research projects, which improved our 
understanding of drug metabolism, provided new insights into emerging 
drug categories, provided new/complementary sample collection and 
preparation techniques, and significantly improved analytical instru
mentation that opened up new possibilities for data quality, (re)pro
cessing, and use [11]. Drug testing procedures includes series of 
processes like selection process in which Athletes may be recruited at 
any point to undergo testing followed by sample [urine/ blood/ dried 
blood spots (DBS)] collection which is further subjected to analysis by 
anti-doping laboratories (Fig. 1) [12]. The merits of collecting urine 
samples over the blood samples, which remains as invasive and also has 
a restricted capacity, comprise their non-invasive collection and also, 
their ease of access to large volumes of matrices [13]. Additionally, 
certain specifically listed requirements are briefed in many scientific 
documents and also the regulatory Guidelines that highlight a number of 
different subjects, including assays and documentation of endogenous 

Table 1 
Prohibited Substances according to WADA Prohibited List 2022.  

Code Class Sub-class Examples Specified/Non- 
Specified 
Substances 

Prohibited (At all times/ 
in competition only) 

S0 Non-approved substances – AdipoRon, BPC-157 Specified At all times 
S1 Anabolic androgenic steroids – Testosterone, Stanozolol, Methandriol, 

Nandrolone, Epitestosterone 
Non-specified At all times 

Other anabolic subtances – Clenbuterol, Osilodrostat, Zeranol Non-specified At all times 
S2 Peptide hormones, growth 

hormones, related substances 
Erythropoietin (EPO) and 
agents affecting 
erythropoiesis 

Darbepoetins, CNT-530, Peginesatide, Cobalt, 
Molidustat, K-11706, Sotatercept, carbamylated 
EPO 

Non-specified At all times 

Peptide hormones and their 
releasing factors 

Gonadorelin, Corticorelin hGH-176–191, 
Alexamorelin, Lenomorelin 

Non-specified At all times 

Growth factors and growth 
factor modulators 

FGFs, HGF, IGF-1, MGFs, VEGF, TB-500 Non-specified At all times 

S3 Beta-2 agonists – Arformoterol, Higenamine, Salbutamol, 
Terbutaline 

Specified At all times 

S4.1 Hormone and metabolic 
modulators 

Aromatase inhibitors 2-Androstenol, Anastrozole, Letrozole, 
Testolactone 

Specified At all times 

S4.2 Hormone and metabolic 
modulators 

Anti-estrogenic substances Cyclofenil, Fulvestrant, Tamoxifen Specified At all times 

S4.3 Hormone and metabolic 
modulators 

Agents preventing activin 
receptor IIB activation 

Activin A-neutralizing antibodies, Anti-activin 
receptor IIB antibodies (Bimagrumab) 

Specified At all times 

S4.4 Hormone and metabolic 
modulators 

Metabolic modulators Insulin and mimetics, Trimetazidine Specified At all times 

S5 Diuretics and Masking agents – Acetazolamide, spironolactone, furosemide Specified At all times 
S6.A Stimulants – Amfetamine, Fencamine, Cocaine, Fenfluramine Non-Specified In competition only 
S6.B Stimulants – Ethylphenidate,Pentetrazol, Selegiline, 

Strychnine 
Specified In competition only 

S7 Narcotics – Buprenorphine, Hydromorphone, Oxymorphone, 
Methadone 

Specified In competition only 

S8 Cannabinoids – Hashish, Marijuana, Natural and synthetic 
tetrahydrocannabinols 

Specified In competition only 

S9 Glucocorticoids – Dexamethasone, Hydrocortisone, Prednisolone, 
Flunisolide 

Specified In competition only 

P1 Beta Blockers – Alprenolol, Propranolol 
Esmolol, Pindolol 

Specified In Particular sports  
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androgenic anabolic agents (EAAS), analytical parameters for the 
athlete biological passport (ABP), and recognition standards for gas 
chromatography (GC) that has been coupled with mass spectrometry 
(MS) techniques [14–17]. Furthermore, various immunoassays and 
electrophoresis methods have also been explored for controlling doping 
[18,19]. Various review articles, editorials, tutorials have been pub
lished till now but most of the are limited to specific category of drugs 
[20–24]. Herein, this review aims to offer an in-depth and critical 
evaluation of the academic research on the significant improvements in 
anti-doping analytical techniques over the previous ten years. The 
explanation of recent developments, which mostly rely on chromato
graphic methods coupled with mass spectroscopy like GC–MS(/MS) and 
LC-MS(/MS) techniques and sample preparation in certain examples, are 
given special consideration. Also this narrative review summarises and 
discusses developments in the detection and utilisation of those me
tabolites newly identified categorised by the molecular mass and/or 
their relevant biochemical substance class. 

2. Performance enhancing drugs (PEDs) 

2.1. Anabolic-androgenic steroids (AASs) 

AASs are chemically synthesized testosterone derived analogues that 
have been altered to enhance their anabolic properties. These 
testosterone-based compounds have a number of effects like: They 
encourage a high quantity of nitrogen in a muscle, which in turn, en
courages an anabolic state; the agents prevent the muscle catabolic 
glucocorticoid binding, protecting and preserving muscular mass and 
preventing muscle deterioration. Furthermore, they influence aggres
sion while supporting athletes to work out more and use more effort 
[25–27]. Some the commonly used AASs as PEDs includes methyl- 
testosterone, fluoxymesterone, methandriol, testosterone, stanozolol 
etc. (Fig. 2) [9,27]. In accordance with the prohibited list 2022 issued by 
World Anti-Doping Agency, there are more than 50 AASs which are 
prohibited for use in sports personals [9]. According to a recent meta- 
analysis by Sagoe et al., 6.4 percent of males and 1.6 percent of females 
worldwide reported using AASs in their lifetime [28]. The likelihood of 

using AAS rose by 91% with participation in at least one activity, and the 
consumption of AASs has been most common amongst both the re
creational as well as the competitive sportspersons. The survey also 
discovered that AASs utilization was marginally more common in the 
2000 s than it was in the 1990 s.Furthermore, according to Al-Harbi et. 
al. that among male gym members in Riyadh, Iran with modifiable risk 
factors, the lifetime prevalence of AASs usage is substantial [29]. In a 
survey of high school football players in the USA, 6.3% said they were 
currently using or had previously used AASs, with 14 years being the age 
range for the first consumption [30]. Thus, it can be concluded that 
young boys, adult men, and women are the main groups who are 
interested in AASs [31]. 

Adverse consequences associated with the AASs consumption 
include potential behavioural changes, cardiotoxicity, arrhythmias, 
abnormalities associated with reproductive system like decrease in 
gonadotropic hormones and sex hormone binding globulin resulting in 
atrophy of testicles, increased aggression and many more [32–35]. The 
usage of such AASs can have negative health effects on the consumer 
whether the AASs are purposely added or accidentally contaminated 
during production of dietary supplements (DSs). Accidental use of AASs 
not only interferes with the healthy competition among sportspeople, 
but it also runs the risk of ruining their professional careers if they are 
found guilty of prohibited doping. The regulatory treatment of DSs, that 
do not have to be evaluated for the inclusion of hazardous ingredients 
prior to getting sold in the market, leaves unanswered the subject 
of dangerous DSs that are still unknown in the market. 

2.2. Analytical approaches for detection of AASs: 

Identification of the consumption of AASs and perception of the 
structures of pertinent target analytes begin with initial testing pro
cedures which includes screening and metabolism studies followed by 
steroid profiling in urine and serum and confirmatory testing procedures 
involving isotope ratio mass spectrometry [36]. However, because there 
are so many potential structural alterations for the steroidal pharma
cophore, their detection and identification are difficult. Liquid 
chromatography-electrospray ionization-(tandem)mass spectrometry 

Table 2 
Summarised characteristics of doping control procedures.  

S. 
No. 

Matrix Sample preparation and analytical 
Method adopted 

Detection mode/ 
Detector 

LOD/LOQ Compounds detected Reference 

1. Urine SPE by LC to a quadrupole/orbitrap mass 
analyser 

ESI+ 100 pg/ml Stanozolol (Anabolic steroid) [35] 

2. Urine SPE and HPLC- MS/MS MRM± 10 pg/ml Stanozolol [38] 
50 pg/ml 3′–hydroxy-stanozolol 
100 pg/ml 4-hydroxy-stanozolol 
20 pg/ml 16-hydroxy-stanozolol 

3. Dried blood 
spots 

Extracted by sonication and analysed by 
LC-MS/MS 

ESI and MRM 20–250 pg/ml T, EpiT, androstenedione, and DHT [46] 

4. Urine SPE followed by GC-C-IRMS – 2 ng/ml 19-Noradrosterone and 19-Noreticholanolone (AAS) [51] 
5. Urine and 

blood 
SPE, LC-MS/MS analysis, and enzymatic 
hydrolysis 

MRM± 0.025 ng/ml Salmeterol (β- agonist) [63] 
0.05 ng/ml Hydroxysalmeterol 

6. Beef 
sausages 

UHPLC-MS/MS ESI+ 5 pg/g Clenbuterol [67] 

7. Human 
serum 

LC-HRMS – 20 ng/ml IGF-1 [84] 

8. Urine SPE-LC-MS/MS SRM 0.1–4 ng/ml HIF activating compounds [92] 
9. Dried blood 

spots 
Ultra-sonication followed by LC-MS ESI± 0.05 and 

0.125 ng/mL 
Hormone and metabolic modulators (Example: 
clomiphene, exemestane, and anastrozole) 

[97] 

10. Urine SPE followed by LC-HRMS EI+ & FSM 10–25 pg/ml Synthetic insulin analogues [102] 
11. Urine LLE at pH = 9.5 followed by UHPLC-MS/ 

MS 
MRM± 50–200 ng/ml Diuretics [112] 

50–100 ng/ml Stimulants 
12. Urine SPE-LC-MS/MS SRM 10–100 ng/ml Stimulants [121] 
13. Urine Sample preparation by dilute and shoot 

method followed by GC-NPD/MS 
FSM 25–100 ng/ml Stimulants and marcotics [127] 

14. Urine LLE followed by GC–MS MRM± 500 pg/ml Anabolic steroids [138] 
15. Urine Microwave assisted LLE followed by 

GC–MS and LC-MS 
MRM± 40–50 ng/ml Beta-blockers [139] 

50–100 ng/ml Diuretics 
3–15 ng/ml Corticosteroids  
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(LC-ESI-MS/MS) and gas chromatography-electron ionization-(tandem) 
mass spectrometry (GC-EI-MS(/MS)) are the two main methods 
employed by anti-doping laboratories at the moment for the study of 
AASs and their metabolites [37,38]. These methods are effective at 
identifying endogenous steroids and have good sensitivity and speci
ficity. Furthermore, these techniques offer one-of-a-kind instruments for 
convicting athletes of unlawful doping and play a significant role in the 
examination of impounded suspicious items [39]. Endogenous uncon
jugated and glucuronidated AASs steroids as derivatives of trimethylsilyl 
(TMS) can be evaluated by GC–MS(/MS) employed by the WADA- 
accredited Cologne anti-doping laboratory [40]. By leveraging the 
idea of androgen receptor activation, androgen bioassays also seem to 
offer special qualities in determining the presence and quantity of 
anabolic substances in biological specimens. There have recently been 
publications on both cell-based and cell-free experiments [41–43]. 

According to the study done by Leogrande et. al., a system was 
developed to categorise structural characteristics of “unknown” steroids 

found in investigative sources [44]. A total of 136 anabolic substances 
were divided into five categories of steroidal moiety containing com
pounds including A-ring saturated 3-oxo-4-ene-, and A-ring substituted, 
5-ene-, 3-hydroxylated or 3-oxygenated androgens. The molecular 
spectrum were acquired with a GC/quadrupole-time-of-flight (QTOF) 
high resolution mass spectrometry (HRMS) system using conventional 
energy of 70 and 15 eV for ionisation. 115 of these 136 analytes were 
utilised to produce statistical sets centred on common mass spectro
metric traits (including such as fragmentations/fragment ions common 
to specific subclasses), that were then implemented to the 21 steroidal 
substances to illustrate the approach’s broad applicability [44]. How
ever, further research is necessary to take use of chemometrics’ 
continually expanding capability in the interpretation of results in anti- 
doping, as it is currently just a technique for comparably pure drugs. The 
characterization of AASs’ metabolites also forms an important platform 
in detection of AAS in athletes. For example, to investigate the well- 
known phases I and II metabolism of stanozolol and 

Fig. 1. A schematic illustration of the doping analysis workflow.  
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dehydrochloromethyltestosterone (DHCMT), Gorgens et al. used human 
HepaRG and primary human hepatic stellate cells [45]. Here, the 
physiology of higher order systems is mimicked using a multichannel 
microfluidic cell culture chip with connected 3-dimensional tissue 
spheroids (or “organoids”). The identified metabolite pattern for sta
nozolol, which includes stanozolol-N-glucuronides and 3-OH-stanozo
lol-glucuronide, was shown to closely mirror the drug’s urinary 
metabolic profile. Although multi-hydroxylated metabolites and a long- 
term marker were absent, the findings for DHCMT were discovered to be 
in acceptable accordance with metabolite information gathered from the 
evaluation of post-administration samples from humans. The “organ-on- 
a-chip” approach is a very intriguing approach for future metabolic in
vestigations because it can overcome certain constraints of the 

conventional in vitro as well as in vivo methodologies due to the 
observed significant level of convergence of findings from human in vivo 
studies. Loke et. al. studied the elimination profile of DHCMT in by 
performing various instrumental analysis like GC/MS triple quadrupole 
(QQQ) mass spectrophotometric analysis, GC/QTOF, HPLC etc. and 
monitored common metabolite, of known structure, of DHCMT, which 
was confirmed to be an appropriate urine long-term marker for con
sumption of the prohibited AAS., exhibiting significant inter-individual 
variability in the metabolism of drug and clearance, validating the 
usefulness of previously found long-term metabolites [46]. The authors 
were also able to identify, characterize and elucidate structures of two 
additional metabolites of DHCMT [46]. Hence, for conclusion, based on 
administration studies, all the metabolites (4-chloro-17β- 

Fig. 2. Chemical structures of various anabolic androgenic steroids.  
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hydroxymethyl-17α-methyl-18-nor-androstane-1,13-dien-3α-ol, 
3α,6β,17β-trihydroxy-17α-methyl-4ξ-chloro-5β-androst-1-en-16-one, 
and 4-chloro-17β-hydroxymethyl-17α-methyl-18-nor-androstane-4,13- 
dien-3α-ol as well as its epimer 4-chloro-17α-hydroxymethyl-17β- 
methyl-18-norandrosta-4,13-dien-3β-ol) of DHCMT can be used as long 
term marker for detection of DHCMT. An innovative method based on 
High performance liquid chromatography coupled with triple quadru
pole mass spectrometer (HPLC–MS/MS) and Multiple reaction moni
toring (MRM) was used by Wang et al. to examine stanozolol post- 
administration samples and identified 48 metabolites, including 9 long 
term markers detectable for more than 15 days as well as 13 novel phase 
I and 14 novel phase II derivatives [47]. In conclusion this study shows 
that the HPLC- MS/MS approach used by the research can be of great 
significance in establishing metabolic profiles of the athletes. 

In individual, longitudinal monitoring, blood and urine variables 
were no longer just used as direct screening measures but rather as 
trustworthy markers of either erythropoietic stimulation or steroid 
intake, thanks to the haematological and steroidal modules of an athlete 
biological passport (ABP)[48]. Because indirect biological markers may 
show abnormal fluctuations in blood and urine that may be caused by 
doping, this indirect screening method is important [49,50]. Research 
on enhancing the ABP’s robustness and sensitivity is still ongoing, and 
sulfo-conjugated (pseudo)endogenous steroids have drawn a lot of 
attention in this context [36]. Sakellariou et al. examined post- 
administration samples using LC-MS/MS, GC–MS/MS and LC/Q/TOF- 
MS in negative ionization to study the metabolism of methyl
nortestosterone [51]. In particular, 17α-methyl-5β-estrane-3α, 17β-diol 
3α sulfate (S2), which was detectable until the completion of the 
excretion study (192 h), was shown to be a promising supplementary 
marker that might be used to support the use of methylnortestosterone. 
They also discovered a number of unique glucuronidated and sulfated 
metabolites. Salamin et al., who combined the established analysis of the 
urine steroid profile with the longitudinal monitoring of blood levels of 
testosterone (T), dihydrotestosterone (DHT), and androstenedione [52]. 
In order to evaluate the efficacy of the proposed approach, a study was 
carried out, wherein 14 healthy women who weren’t taking hormonal 
contraceptives engaged in three study phases spaced across 3 menstrual 
cycles. The first cycle served as the control phase. The second cycle 
comprised the transdermal administration of 10 mg of T, once daily for 
28 days whereas the third cycle was developed to evaluate the outcomes 
of the administration. The routine collection of blood and urine samples 
for analysis using LC-MS/MS (for serum steroid profiling) or GC–MS/MS 
was followed by standard test procedures (for urine steroid profiling) 
[52]. The long-term monitoring of serum levels of testosterone, DHT, 
and T/androstenedione was found to be a promising complement, of
fering steady and menses-independent indicators that enable the flag
ging of possible doping control serum samples in support of more 
investigation. Invasive venous blood extraction might well be replaced 
by the utilization of dried blood spots (DBSs). This was further supported 
by a study done by Salamin et. al. [53]. In their study, DBSs of volume of 
20 μl were isolated, extracted by sonication into a 95% v/v methanol 
and water solution, dried, and reconstituted for analysis using an LC- 
MS/MS. Using a C-18 analytical column (150 × 2.1 mm, 1.7 m parti
cle size) and 5 mM ammonium formate in water (solvent A) and meth
anol, chromatographic separation was carried out (solvent B). Target 
analytes were detected after ESI in polarity switching mode using 
diagnostic precursor/product ion pairs in MRM, allowing for lower 
LOQs for T, EpiT, androstenedione, and DHT between 20 and 250 pg/ 
mL. Furthermore, a study performed by Yuan et. al. developed and 
validated a novel UHPLC-Q-Orbitrap-MS employing Girard’s Reagent P 
(GRP) derivatization method for the detection of 20 endogenous 
anabolic steroids esters in DBS [54]. This study also supports the fact 
that DBS can be used as an effective complementary matrix for the 
detection of endogenous steroids in athletes. Hence, from the studies 
discussed above comprehensive screening technologies are needed to 
cover the entire spectrum of these steroids. In the context, the use of 

mass spectrometric methods like GC–MS provides the opportunity to 
detect unidentified steroid by keeping track of common fragment ions or 
losses that reveal the fundamental structure and functional groups. A 
helpful technique for the discovery of unknowns is the use of triple- 
quadrupole mass analyzers, specifically when the precursor ion scan
ning option is used. Although it has a high degree of selectivity and 
sensitivity, GC–MS equipment is still expensive and the technique de
mands a high level of skill. 

IRMS is being used in doping control laboratories to establish the 
carbon isotope ratio (CIR) of urine steroid hormones and demonstrate 
that they have an exogenous source [55,56]. Furthermore, in certain 
circumstances including 19-norandrosterone (19-NA) doping, anoma
lous passport findings, and suspicious steroid profile data, confirmatory 
studies using GC/C/IRMS are used to evaluate if there are substantial 
changes exist between the target chemicals’ carbon isotope fingerprints 
as well as endogenous reference substances (ERCs). In order to boost 
automation and decrease the time commitment required for sample 
preparation, Casilli et. al. examined the use of multidimensional gas 
chromatography (MDGC) in IRMS analysis [57]. A pressure-controlled 
heart-cutting tool (Deans switch) and two separate GC ovens were 
employed to enable a highly effective and selective 2D separation with a 
non-polar column as the first and a mid-polar column as the second 
dimension. Before using MDGC-C-IRMS, samples were prepared using 
SPE, LLE followed by enzymatic hydrolysis, and acetylation instead of 
the more usual HPLC purification processes. As a proof-of-concept, a 
urine sample acquired after the injection of T undecanoate was exam
ined, and the outcomes were compared to those attained by utilising the 
procedure regularly used by anti-doping laboratories. The matching of 
the obtained δ and Δδ values amply illustrated the potential of MDGC to 
accelerate IRMS analysis and provide a higher sample throughput [57]. 
Lalonde et al. developed a method and procedure that allowed the pu
rification of six TCs (T, Dehydroepiandrosterone (DHEA), A, E, 5αAdiol, 
and 5βAdiol) and two ERCs (PD and 16-ene) in an integrated two- 
dimensional LC fractionation setup, accelerating and automating the 
central processes [58]. Prior to fractionation, urine samples passed SPE, 
the extracts followed β-glucuronidase’s enzymatic hydrolysis, and the 
unconjugated steroids underwent an extraction into hexane and con
centration. Only one of the four first-dimension fractions, fraction 1, 
needed to be subjected to the second-dimension fractionation, which 
produced another four fractions for GC/C/IRMS analysis. This has been 
facilitated by merging multiple hyphenated C-18 HPLC columns with a 
stationary phase constructed of phenyl-silane (first dimension, 150 ×
4.6 mm, 3.5 m particle size). A DB5-MS capillary column (25 m × 0.2 
mm, 0.33 m film thickness) was inserted in the GC in order to produ
ce baseline segregated as well as intrusion of signals but without ne
cessity for steroid derivatization. This, in turn, allowed for the creation 
of a test method that was incredibly quick and required comparatively 
little manual sample handling work. The use of the assay on more than 
10,000 regular doping control samples further supported the robustness 
of the methodology [58].The major metabolite of nandrolone and/or its 
prohormones is 19-NA, and urine naturally contains trace levels of this 
compound. In order to determine the source of the drug, urine samples 
with 19-NA values between 2.5 and 15 ng/mL must be evaluated by GC- 
C-IRMS, as this compound can also be detected at elevated levels during 
pregnancy. The endogenous reference compounds (ERCs) pregnanediol 
(in this particular study) A, as well as the 19-NA compound and its 
isomer 19-noretiocholanolone (19-NE), were the subject of a special 
sample preparation protocol described by Iannella et al., target analytes 
were extracted into n-pentane after enzymatic hydrolysis, concentrated, 
and put through two HPLC purification stages [59]. Four fractions were 
generated and concentrated following the initial fractionation on a 
phenyl-silane-based analytical column (150 × 4.6 mm, 5.0 m particle 
size), and three of these fractions underwent a second HPLC purification. 
In this case, a C-18 amide analytical column (250 × 4.6 mm, 5.0 m 
particle size) was used. It was run isocratically with 100% acetonitrile 
and gave purified fractions for GC/C/IRMS analysis after 30 min of 
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HPLC purification. The TCs and ERCs were separated for GC/C/IRMS on 
a 5% phenylmethylpolysiloxane capillary column (30 m × 0.25 mm, 
0.25 m film thickness), and the assay’s LOQ of 2 ng/ml as well as the 
analysis of post-administration urine samples obtained from volunteers 
who received a single oral dose of norandrostenedione served to 
demonstrate the presented approach’s suitability for routine analysis 
[59]. The methystenbolone, a nutritional supplement, is also a widely 
used AAS in athletes. It was found that this steroid undergoes meta
bolism in the host to give three specific metabolites i.e. methasterone, 
2,17-dimethylandrostane-16,17-diol-3-one and dihydroxylated and 
reduced methylstenbolone which can be detected over a long period of 
time in plasma and urine samples [60]. Piper et. al. also conducted an 
investigational study on detection of long term metabolites methyl
stenbolone and reported 40 different metabolites of it with the help of 
hydrogen IRMS. It was found that out of the 40 metabolites, two me
tabolites [2α,17α-dimethyl-5α-androst-1-ene-3α,17β-diol (NEW_LTM) 
and 2α,17α-dimethyl-5α-androst-1-ene-3β,17β-diol (Epi-NEW_LTM)] 
seems to be a potential candidate which can be used for the detection of 
methylstenbolone in doping subjects. Furthermore, these metabolites 
were also characterized by NMR (Fig. 2)[61]. Another study done by 
Torre et. al. showed that the IRMS screening approach developed during 
the analysis of different steroids in the urine samples suggested has 
appropriate selectivity, yields results that overlap with the currently 
used validated method, and allows for analysis of a significantly higher 
volume of samples even during a major event without affecting the 
detection capability [62]. A sample pre-treatment approach employing 
an online two-dimensional (2D)-HPLC 19-NA confirmation method was 
developed using GC-C-IRMS by Wen et. al. Since in the developed 
method no chemical derivatization stage is involved, thereby the 
detection can be done of 19-NA in less time. The method can be a po
tential detection technique for 19-NA as it can detect the minute level 
(LOD – 2 ng/ml) of drug in very less amount of urine samples [63]. 

This can be concluded from studies discussed above involving IRMS 
that isotope tagging of pharmacological compounds has proven to be 
effective and established methods that aid in structure elucidation when 
used for metabolite identification utilising IRMS. Despite being quite 
useful for sports drug testing in general, IRMS analyses are nevertheless 
distinguished by laborious sample preparation, a constrained batch size, 
and lengthy instrument run durations that are necessary to guarantee 
proper peak purities. However, the requirements for sample purity and 
GC resolution (in case of GC-C-IRMS) in terms of instrument mainte
nance need to be considered. Similarly, stable isotope-based inference 
turned out to be very complex. Although it was anticipated that 
endogenous and synthetic steroids in urine might be distinguished by 
their differential 13C values, it has since become clear that different 
baseline values call for rigorous research and evaluation of reference 
populations [64,65]. 

A new class of AR ligands known as selective androgen receptor 
modulators (SARMs) have favourable oral bioavailability, few andro
genic side effects, high receptor affinity, and tissue-specificity [66]. 
SARM abuse in sports is forbidden both in- and out-of-competition as of 
2008. Different SARMs are widely available on the black market even 
without clinical authorisation, and some dietary supplements have also 
been demonstrated to have been tainted or illegally enhanced with these 
compounds [67]. GC–MS can be used to detect SARMs and/or their 
metabolites in doping control urine samples, depending on the molec
ular structure, but since most SARMs’ physico-chemical properties allow 
for a decent LC separation and ESI in either a positive or negative mode, 
most tests employ the latter technique [68,69]. Furthermore, LC-HRMS/ 
MS and various immunoassays like ELISA, CLEIAs have also been uti
lized for the analysis of SARMs and AASs [70–72]. 

3. β2-agonists 

Athletes with asthma and exercise-induced bronchoconstriction 
(EIB) are treated with beta-2 agonists [73]. However, skeletal muscle 

tremor has been recognized for years as one of the most frequent side 
effects of beta-2 agonists, but beta-2 agonists as a medication class are 
also well-known to have considerable effects on muscle mass [74].Thus, 
because of the incidence of asthma-related ailments both within the 
general community and among elite athletes, as well as the need to 
maintain respiratory health while preserving the integrity of sport, anti- 
doping considerations for asthma treatment, notably the usage of 2-ag
onists, have been particularly important [75]. As per the prohibited list 
2022 issued by WADA, there are 15 beta-2 agonists which are prohibited 
for use in sports personnel with certain conditions [9]. Clenbuterol, A 
beta-2 agonist categorized as an anabolic agent, remains restricted both 
in and out of competition, with a minimum level of performance at 0.2 
ng/mL. The inhalation of salbutamol is authorised under specific re
strictions and up to an urine threshold concentration of 1 μg/mL [76]. 
The properties for the inhalative usage are further defined in the Pro
hibited List: inhaled salmeterol: maximal 200 g in 24 h; inhaled salbu
tamol: maximal 1600 g in 24 h in divided doses; not to exceed 600 g over 
8 h commencing from every dose, Inhaled formoterol: maximal 
administered dose of 54 Âµg in 24 h; inhaled vilanterol: maximal 25 g in 
24 h. 

3.1. Analytical approaches for detection of β2-agonists 

Various research studies have been done on earlier detection of beta- 
2 agonists in doping subjects (Fig. 3). For example, Jessen et al. carried 
out a focused administration trial using single inhalative doses of 200 μg 
and 400 μg as well as seven consecutive days of daily inhalative doses of 
200 μg administered to 11 trained healthy subjects. Most drug admin
istration possibilities were supported by properly structured workout 
programmes, that occasionally go unappreciated as a component of 
elimination study procedures [77]. Urine (and blood) specimens were 
collected beforehand and for up to 24 h just after drugs were adminis
tered. SPE, LC-MS/MS analysis, and enzymatic hydrolysis were used to 
assess the levels of salmeterol and its primary hydroxylated metabolite 
in urine samples. The sample extracts were placed onto an analytical C- 
18 column with 1.2 × 150 mm, 3 m particle size, and gradient-eluted 
with acetonitrile and an ESI source utilising 1 mM ammonium formate 
in a solution of 0.1% aqueous formic acid (solvent A) and formic acid 
(solvent B). Salmeterol had a LOQ of 0.025 ng/ml and α-hydrox
ysalmeterol had a LOQ of 0.05 ng/ml when the target analytes were 
found and quantified in MRM mode. The anti-doping rule-compliant 
scenario (200 g, single dosage, and every 24 h) showed mean maximum 
salmeterol urine concentrations of 2.1–2.2 ng/ml, while the supra
therapeutic dose (400 g) produced a mean urinary concentration of 4.0 
ng/ml. In light of the fact that α-hydroxysalmeterol was detected at 
these concentrations 5.7–6.5 and 11.6 ng/ml, respectively a combina
tion of two thresholds—each set at 3.3 ng/ml—applicable to salmeterol 
and its metabolite was proposed. Adverse analytical finding (AAF) test 
results would only be disclosed if the doping control urine sample 
contained both analytes at quantities greater than 3.3 ng/ml, thereby 
excluding rule-compliant drug usage [77]. Furthermore, enantiose
lective liquid chromatography and fluorimetric detection were already 
used in early investigations on doping controls to separate (R)-/(S)- 
salbutamol and make it possible to distinguish between oral (prohibited) 
and inhalation (permitted) administration [78–80]. Bejarano et. al. 
developed and validated UHPLC-MS/MS method for detection of unin
tentional doping in sport fields by clenbuterol in beef sausages [81]. The 
developed UHPLC-MS/MS technology combines quick chromatographic 
run times with great selectivity and sensitivity. Additionally, capillary 
electrophoresis techniques were used to permit the chiral separation of 
several illegal β2 agonists, but unlike analytical methods, including 
GC–MS and/or LC-MS, weren’t always accessible across all doping 
control institutions [76,82–84].Fig. 4.Fig. 5.Fig. 6.Fig. 7.Fig. 8.. 
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4. Peptide hormones, growth hormones, related substances and 
mimetics 

This category of PEDs is prohibited throughout all times, both in as 
well as out competition. Non-specified substances are also included 
among all of the substances in this class [9]. This class is further clas
sified into following categories: 

4.1. Growth hormone, its fragments and releasing factors, gonadotropins 
and lutenizing hormone 

GH (growth hormone) along with its primary transmitter, insulin- 
like growth factor-I (IGF-I), are required for various physiological 
functions [85]. Growth hormone (GH) treatment has gained interest as a 
possible performance-enhancing medicine since it reduces body fat, 
increases lean body mass, and improves strength as well as fitness in 
individuals with GH insufficiency [86]. It is discovered that Growth 
hormone (GH) is a prominent performance-enhancing substance in 
athletics [87,88]. Additionally, growth factors can be released by blood 
platelets in response to signals of damage. These are believed to be 
beneficial for athletes in good health but may also be used to treat sports 
injuries [89,90]. However, the majority of growth factors have no 
impact on athletes’ performance. One exception is IGF-1, as mentioned 
previously, which has been studied as an ergogenic aid and is expected 
to have ergogenic benefits primarily through the anabolic pathway that 
GH and IGF-1 share. Athletes might use luteinizing hormone (LH) or 
human chorionic gonadotropin (hCG) by parenteral injection to increase 
muscle strength since these gonadotropins boost the synthesis of 
testosterone in males [91]. Furthermore, the WADA forbids its usage in 
athletic competition, and competitors are compelled to submit to testing 
for GH exposure. 

4.1.1. Analytical approaches 
The identification of orally active growth hormone secretagogues 

(GHS) based on a variety of distinct pharmacophores, such as benzo
lactame, capromorelin, macimorelin,4-spiropiperidine,and oxindole 
derivatives like CP-424391, MK-0677 [92]. These GHS and growth 
hormone releasing peptides (GHRPs) are reported to be available in 
numerous black-market which emphasises the significance of doping 
control assays permitting the sensitive and thorough examination of 
GHS [93]. According to a thorough summary by Judak et. al., mass 
spectroscopy methods have been significantly improved over the past 
decade, and in some situations, metabolites (and/or catabolites) have 
been demonstrated to reflect the better target analytes in both blood and 
urine for the doping control analysis of peptides [94]. Pinyot et al. 
offered a general strategy for dealing with this problem in and used a 
competitive receptor-binding assay [95,96]. A detection window of 
roughly 4.5 h was suggested for this specific medicine based on the 
measurement of the growth hormone-releasing peptide GHRP-2 in post- 
administration study urine samples. It was advised to use specific LC- 
MS/MS assays to confirm the presence of a restricted compound from 
the GHS class. Okano et. al. developed mass spectrometry-based 
screening technology focuses specifically on the identification of 
GHRP-2 and its primary metabolite (d-Ala-d(-naphthyl)-Ala-Ala-OH) in 
human urine [97]. Prior to the specimen being exposed to SPE and 
subsequent LC-MS/MS analysis, the appropriate sample preparation and 
analytical conditions were ensured using an isotope-labelled GHRP-2 
internal standard. The excretion research, which had ten volunteers who 
received an intravenous bolus of 100 g of GHRP-2 dihydrochloride, was 
conducted using the test, which allowed LODs of 20–50 pg/ml. The 
intact GHRP-2 was discovered for up to 13 h, although the established 
method allowed for the detection of the aforementioned metabolite for 
up to 24 h [97]. A UHPLC-HRMS approach was developed and verified 
by to screen for ipamorelin in DBS [98]. Ipamorelin, a small peptide, was 

Fig. 3. Schematic illustration of various analytical techniques for detection of AASs.  
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isolated from DBS in this study via liquid extraction and ultrasonic 
treatment, and it was subsequently discovered by acquiring high- 
resolution fragmentation spectra. In terms of sensitivity, specificity, 
linearity, recovery, accuracy, and ion suppression/enhancement effects, 
the method performed satisfactorily. The precursor and fragment ions’ 
mass errors were less than 5 ppm and ipamorelin was detected with LOD 
of 2.5 g/nl. Hence, it could be concluded that in order to detect small 
peptides in blood at low levels, the combination of DBS with high- 
resolution mass spectrometry has proven to be a viable and efficient 
technology. Especially when unidentified synthetic peptides are the 

target analytes, this method appears potential for targeted and untar
geted analysis in clinical monitoring and sports drug testing [98]. 
Moreover, a LC-HRMS-based technique that allows the measurement of 
IGF-I from 25 l of human serum was developed by using 0.1% aqueous 
formic acid (solvent A) and 0.1% formic acid in methanol as the gradient 
eluents, serum was subjected in order to accomplish protein precipita
tion, followed by ultracentrifugation (10 kDa) [99]. The retentate was 
then loaded onto a C-18 analytical column that was 2.1 × 100 mm in 
diameter and 2.6 m in particle size (solvent B). The seven-fold proton
ated molecule was detected at m/z 1093.5 and the stable isotope-labeled 

Fig. 4. Schematic illustration of various analytical techniques for detection of β2- agonists.  

Fig. 5. Chemical structures of growth hormone secretagogues.  
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internal standard at m/z 1,106.9 when the used Q/orbitrap MS was run 
with a dedicated narrow mass range configuration, scanning from m/z 
1,090 to m/z 1,100 exclusively, with a resolution of 70,000 (@ m/z 
200). A single run of the assay took place in less than 10 min, and it was 
validated with a LOQ of 20 ng/ml. The approach was tested on a set of 

209 blood samples and proven to be reliable. It also showed good cor
relation (r = 0.85) when compared to an immune-radiometric assay 
(IRMA), especially when a single-point calibrator was used [99]. Thevis 
et. al. used modern analytical techniques, such as mass spectrometric 
(top-down and bottom-up) sequencing and gel electrophoresis to 

Fig. 6. Chemical structures of various narcotic PEDs which are prohibited in sports and various analytical techniques which can be adopted for their detection 
in athletes. 

Fig. 7. Chemical structures of various narcotics, glucocorticoids and cannabinoids.  
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characterise the content of an aliquot of the product. After thorough 
analysis, the detection of mechano growth factor (MGF) was developed 
employing modified routine doping controls using ultrafiltration, 
immunoaffinity-based separation, and nano-liquid chromatography- 
high resolution/high accuracy mass spectrometry [100]. For the detec
tion of gonadotropins, immunoassays and spectroscopic methods have 
been widely used for doping control [91]. 

4.2. Erythropoietin-receptor agonists and hypoxia-inducible factor (HIF) 
activating agents 

Erythropoietin receptor agonists are intended to increase red blood 
cell volume by stimulating erythropoiesis, potentially improving per
formance [101]. Recombinant human erythropoietins (rHuEPOs), an 
erythropoietin-receptor agonist, induce erythropoiesis by raising hae
moglobin levels. This could boost haemoglobin’s capacity to carry ox
ygen, which could improve endurance performance [102]. In addition to 
this, a relatively similar explanation for possible performance- 

enhancing impacts in correlation with direct rHuEPO delivery applies 
to HIF activating drugs since they directly affect erythropoietin pro
duction by boosting erythropoietin gene expression [103]. 

4.2.1. Analytical approaches 
Even though it was demonstrated that a single intravenous dose of 

60,000 IU of recombinant EPO (rEPO) had no impact on short-term 
aerobic exercise efficiency (in neither submaximal nor maximal 
cycling test circumstances), refining and streamlining existing testing 
strategies were deemed particularly significant and was followed uti
lising direct as well as indirect methodological approaches [104]. Also, 
EPO can be detected in blood, however interferences, such as excessively 
abundant proteins, make this difficult (e.g., ion suppression). Combining 
nanoLC-MS with selective sample preparation, such as immunoaffinity 
extraction, is one potential solution to this issue. A study done by Reichel 
et. al. discovered that utilization of modified sarcosyl polyacrylamide 
gel electrophoretic approach (SAR-PAGE) facilitates nearly doubled 
window detection period, compared to earlier developed methods 

Fig. 8. Summary of detection approaches available for doping control.  
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[105]. Additionally, various attempts have been made for the better 
detection of the physiological effects of micro-dosed rEPO have been 
thoroughly investigated through the investigation of numerous bio
markers. For example, 5′-aminolevulinate synthase 2 (ALAS2) mRNA 
levels have been shown by Loria et. al. using the ABP’s haematological 
module, they developed sensitive and unique transcriptome indicators 
for detecting rhEPO microdosing. This methodology is appropriate with 
the utilization of DBSs for anti-doping studies. This method is also 
compatible with the use of DBSs for anti-doping tests. ELISA technique 
has also been utilized for quantification of EPO followed by electro
phoresis as confirmatory analysis [106]. Furthermore, De Wilde et al. 
demonstrated a potential method for monitoring HIF activating com
pounds in an automated and multiplexed test using online SPE-LC-MS/ 
MS. Following this, the isolated analytes were transported to a C-8 
analytical column (2 × 150 mm, 5 m particle size) during gradient 
elution utilizing both methanol and water that served as solvents A and 
B and contained, respectively, formic acid (0.001%) and ammonium 
formate (1 mM). Eight specific constituents were identified in MRM 
mode having LODs that ranged from 0.1 to 4 ng/ml in as short as 6.5 min 
of total run time using an online SPE column with such a hydrophilic- 
lipophilic balanced copolymer stationary phase (2.1 × 20 mm, 25 m 
particle size) [107]. A recent study conducted by Heiland et. al. reported 
that DBS can be used a potential sample matrix for detection erythro
poietin receptor agonists. They reported the optimal conditions required 
for accurate detection of illegal erythropoietin receptor agonists pro
hibited by WADA from DBSs and contrasted detection limits to the 
MRPLs set by WADA for ERAs in serum/plasma samples using SAR- 
PAGE electrophoresis and western blotting. The results obtained from 
DBS samples showed less variations in comparison to urine and venous 
blood sample [108]. 

5. Hormone and metabolic modulators 

A subcategory of the term “hormone and metabolic modulators” 
includes selective oestrogen receptor modulators (SERMs), aromatase 
inhibitors (arimistane, formestane), other anti-estrogenic medicines, 
substances that alter, metabolic modulators as well as myostatin activ
ities (insulins) [9]. These pharmaceuticals, which come in a variety of 
forms, are taken by men and women in distinct ways. SERMs block 
oestrogen receptors, and aromatase inhibitors lower oestrogen levels in 
the bloodstream. while toremifene and tamoxifen have anti-oestrogenic 
actions [109]. Increasing male testosterone levels is also a benefit as 
well. Tamoxifen appears to have a masculinizing impact on females; 
however, it has also been demonstrated to be hazardous and raises the 
risk of thromboembolism. 

5.1. Analytical approaches 

In sports drug testing, comprehensive surveillance has been provided 
by combining urine and blood methodological approaches. Exemestane, 
formestane, tamoxifen, and toremifene are just a few examples of anti- 
estrogens that can be found using traditional analytical chromato
graphic techniques like GC–MS for anti-doping purposes (e.g. amino
glutethimide, trimetazidine) [110,111]. Arimistane could be detected in 
urine as evidence of drug use, and LC-MS/MS has been proven to be 
more sensitive than GC–MS(/MS) in detecting arimistane and its pri
mary metabolite androst-3,5-dien-7β-ol-17-one [112]. Furthermore, 
DBS have proven to be quite useful in anti-doping analytical methods 
including anti-estrogenic substances. Thomas et al. devised the stan
dardized multi-analyte testing protocol for doping checks of clomi
phene, exemestane, and anastrozole were detected at LODs between 
0.05 and 0.125 ng/mL utilising the aforementioned LC-ESI-quadrupole- 
orbitrap-based equipment [113]. Moving on, commercially accessible 
radioimmunoassays or enzyme-linked immunosorbent tests were used 
to detect insulin in urine [114–117]. Furthermore, for analysis of C- 
peptide and synthetic analogues of insulin in human urine, mixed 

cation-exchange SPE, protein precipitation, as well as LC-MS/MS anal
ysis were all performed on 3 ml of urine by Thomas et al. in 2021 [118]. 
Here, C-18 analytical column (3 × 50 mm, 2.7 m particle size) and 
phenyl-hexyl-based trapping column (3 × 10 mm, 2.7 m particle size) 
were used for chromatography with gradient elution taking place over a 
15-minute period using 0.1% aq. HCOOH (containing 1% DMSO, sol
vent A) and acetonitrile (containing 1% DMSO + 0.1% HCOOH, solvent 
B). A Q/orbitrap MS operating in full scan (resolution 60,000 @ m/z 
200) and targeted MS/MS (resolution 45,000 @ m/z 200) was given the 
effluent through positive ESI. With the exception of bovine insulin, 
which had a LOI of 50 pg/ml, other targeting analytes were shown to 
permit for LOIs of 25 pg/ml. LODs ranged from 10 to 25 pg/ml for all 
analytes. Diagnostic observations from urine samples taken from type I 
and type II diabetics employing, insulin degludec, insulin aspart, insulin 
glargine as well as combinations thereof were provided as proof-of- 
concept data [118]. The method developed does not require antibody 
based sample purification step, thereby reduces the overall time 
required for detection of Insulin. Furthermore, all the parameters 
including LOI, LOD reported showed that method developed complies 
with the requirements of WADA. Therefore, this technique can be a 
potential doping test for the detection of insulin in athletes. 

6. Diuretics and masking agents 

Diuretics and masking chemicals can be misused to cause diuresis to 
shed weight (most frequently in weight-classified sports like judo) or to 
hide the ingestion of illicit substances [119]. As a result, they are pro
hibited by the WADA [9]. 

6.1. Analytical approaches 

Extraction and dilute-and-shoot conjunction employing high reso
lution mass spectrometry (HRMS),liquid chromatography (LC), or LC- 
triple quadrupole mass spectrometry (LC-TQMS) are the most utilised 
techniques for the identification of diuretics [119–121].While the ad
vantages of dilute-and-shoot include time and labour savings, this 
method also has drawbacks such the matrix effect and retention time 
shift [119]. For authorised laboratories, for the detection of diuretics in 
urine, WADA has created a single absolute minimum level of perfor
mance i.e (MRPL) of 200 ng/mL [122]. In 2018, De Wilde et al. designed 
and tested a turbulent SPE approach linked with 2D-LC-MS/MS for 
assessing 50 diuretics [123]. Furthermore, techniques like capillary 
electrophoresis as well as micellar electro-kinetic chromatography 
(EKC) tests for diuretics have also been researched [124–127]. From the 
studies cited, it was discovered that capillary zone electrophoresis based 
techniques were used to determine non-chiral APIs and compounds 
related to them, whereas EKC-based techniques were used for enantio- 
selective separations and optical purity testing. Ventura et. al. showed 
that direct injection following urine dilution allowed for the competitive 
detection of 34 target chemicals at the requisite detection ranges 
(10–250 ng/mL) [128]. 

7. Stimulants 

According to some theories, stimulants may enhance performance by 
altering the brain’s levels of the neurotransmitters dopamine and 
norepinephrine [129,130]. Therefore, stimulants are only permitted 
during competition in sports [9]. 

The ability to distinguish between a drug consumption that phar
macologically impacts the timeframe during in-competition as well as 
causes irrelevant drug residues is made possible in this situation by 
analytical retrospective accuracy [131]. Given the massive array of 
stimulants that are tracked by anti-doping laboratories, it can be chal
lenging to build a single screening strategy to detect all of the relevant 
compounds, notably at the minimal performance standards prescribed 
by WADA [122]. Following the LLE or SPE of urine samples, GC–MS is 
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frequently used to identify a variety of stimulants [21,132]. Because 
some underivatized stimulants only create a small number of diagnostic 
ions, which are frequently in low abundance, urine extract is typically 
made [133]. For thermolabile, volatile, and polar chemicals can be 
found using LC-MS/MS, that has an excess of diagnostic ions and doesn’t 
need sample derivatization for successful chromatographic separation. 
Regular use of LC-MS/MS for the detection of stimulants has the sig
nificant benefit of enabling the development of high-throughput 
screening techniques without the requirement for a sample concentra
tion or clean-up phase (dilute and shoot methods)[121,134,135]. For 
example, De Wilde et al. used an established instrument configuration of 
online-SPE-LC-MS/MS to further expand their framework already in 
place to facilitate the identification of 80 stimulants, allowing LODs of 
10 to 100 ng/ml [136]. Anti-doping research facilities must be capable 
of responding fast to new information and legislation, hence adaptable 
and extensible techniques (based on both LC-MS/MS as well as GC 
systems) have been found to be particularly important [136,137]. In 
2021, Knoop et. al. conducted a pilot eliminated study on three healthy 
male volunteers who received a single oral dose of 50 mg of hydrafinil. 
Prior to delivery and for up to 72 h after, urine samples were obtained, 
and analysed using GC–MS and LC-MS enabled for the detection of the 
intact drug in addition with Phase I as well as Phase II metabolites [138]. 
A recent study by Zhu et. al. devised an ultra-performance liquid 
chromatography-tandem mass spectrometry (UHPLC/MS/MS) tech
nique to find five ephedrine analogues using a tandem mass spectrom
eter with an electrospray ionisation source in multiple reaction 
detection mode after one-step dilution. The method developed was 
found to be effective and more accurated as LOD was found to be below 
0.5 ng/ml [139]. 

8. Narcotics, Glucocorticoids, and cannabinoids 

Similar to the group of stimulants, intake of narcotic agents is pro
hibited during competition [9]. Significant emphasis has been paid to 
measuring drug exhalation and drug metabolites, particularly with re
gard to narcotics in the contexts of clinical monitoring and drug-abuse 
testing [140]. Furthermore, due to the significant proton affinity of 
stimulants and narcotics, it was possible to identify and quantify these 
substances in doping controls using robust and sensitive apparatus made 
up of tandem mass spectrometers (LC-MS/MS) as well as liquid chro
matography (LC) [21,22]. Additionally, LC-MS/MS dilute and shoot 
techniques can be used to detect narcotics since they provide the eval
uatory analytical sensitivity required to distinguish fentanyl and their
derivatives at the threshold detectable level of 2 ng/mL [121,141]. For 
the identification of 80 stimulants, narcotics, and a few other prohibited 
PEDs discharged in free form in human urine, Dubey et. al. offered a 
thorough, specific and sensitive gas chromatography- nitrogen phos
phorus detector/ mass spectroscopy (GC-NPD/MS) technique. For all 
drugs, LOD was found to be ranged from 25 to 100 ng/ml [142]. Minhas 
et. al. utilized nanostructured silicon (nano-Si) based surface-assisted 
laser desorption/ionisation mass spectrometry (SALDI-MS) for the 
detection of narcotics, AASs and peptide hormones at very low con
centration from the biological samples [143]. 

An increasing body of research suggests that glucocorticoids do 
indeed have the ability to improve athletic performance, depending on 
sport-specific factors and dosages of glucocorticoids employed. How
ever, glucocorticoids can also be harmful to an athlete’s health [144]. In 
particular, salivary cortisol (and testosterone) levels in relation to 
sportsperson performance and diagnosis have been examined, needing 
quick and sensitive detection techniques [145,146]. Additionally, 
quantitative as well as qualitative methodologies for assessing corti
coids, such as dexamethasone or budesonide, for DBS in a systematic 
doping control setting have been documented [113]. More research is 
still thought to be necessary to investigate the possibility of measuring 
additional glucocorticoids at pertinent blood quantities, ideally using 
multi-analyte test methods [147]. 

Natural as well as synthetic cannabinoids like Δ9-tetrahydrocan
nabinol (THC) are also prohibited in competition [9]. Only when the 
primary urinary metabolite of the THC, known as 11-nor-9-carboxy-THC 
(THCCOOH), surpasses a limit of 150 ng/mL are AAFs for 9-tetrahydro
cannabinol (THC) issued. In addition to THC, the possibility of detecting 
substances from the vast array of synthetically derived cannabinoids in 
oral fluid has been specifically observed for toxicological as well as 
forensic research studies. All of these findings have demonstrated and 
validated the efficacy of this matrix as a substitute for conventional 
urine and blood testing, often permitting LODs under 1 ng/mL while 
using LC-MS/MS-based test methodologies using QqQ analyzers 
[148,149]. Despite the fact that the only published data so far only 
include JWH-018 and THC and its metabolites, DBS have been proved to 
be effective as doping controls [150]. In 2017, Protti et. al. utilized 
volumetric absorptive micro-sampling (VAMS) followed by the concept 
and authorization of the LC-MS/MS technique for the identification of 
synthetically derived cannabinoids [151]. For the purpose of detecting 
JWH-018 and its metabolites, Möller et. al. developed and validated a 
detection method based on the analysis involving electrospray tandem 
mass spectrometry- liquid chromatography, liquid–liquid extraction, as 
well as the enzymatic hydrolysis. The method was tested on around 
7500 urine doping control samples, and it led to the discovery of JWH- 
018. It demonstrated the method’s ability to detect JWH-018 and also its 
derivatives in human urine with sensitivity and specificity [152–154]. 
However, it will take more research that uses synthetic cannabis to 
examine the proper specificities and sensitivities. 

9. Prohibited methods in sports 

9.1. Blood doping 

The World Anti-Doping Agency (WADA) defines blood doping as 
“the practice of utilizing specific methods and/or substances to increase 
one’s red blood cell count, thereby permitting the body to carry more 
oxygen throughout the body”. Numerous athletes employ underhand 
tactics as well as medications with the purpose of enhancing their hae
moglobin mass and thereby increase their physical stamina as well as 
their performance [156]. Moreover, the utilization of artificial O2 car
riers, red blood cell transfusion (RBCs), infusion of haemoglobin (Hb), as 
well as synthetic activation of erythropoiesis are all explicitly banned 
procedures in Blood doping [157]. In the International Standard Pro
hibited List, issued by WADA numerous blood doping formulations and 
their related methodologies are included in method “M1-MANIPULA
TION OF BLOOD AND BLOOD COMPONENTS” [9,158]. Many novel 
advancements like total RNA sequencing (RNA-Seq) was employed in a 
recent preclinical study to uncover new RNA markers for detecting 
blood doping within red blood cells (RBCs) as a research design before 
human trials. Blood samples from wistar rats were blended with a cit
rate–phosphate-dextrose-adenine (CPDA) mixture and were stored at 
4 ◦C for 0 (control), 10, or 20 days in this study. Following RNA 
extraction and RBC purification, total RNA-Seq as well as bioinformatics 
was executed after the prolonged storage of the samples. According to 
these findings, there were clear patterns of drastically decreased 
expression of RNA markers likeLyz2, Ifit3, and Il1b genes. As a result, it 
is anticipated that the methods utilized in this study and the detected 
RNA markers will be valuable for subsequent research for creating 
testing procedures for blood doping [159–161]. 

To evaluate the athlete’s haematological blood profile score, ABP 
(Athlete Biological Passport) was developed with the idea of longitudi
nal blood parameter monitoring in tandem with direct detection tech
niques to discover biological markers that are suggestive of doping 
[162]. This direct detection technique involves the detection of a second 
population of erythrocytes in a blood sample and serves as the founda
tional analytical approach for the blood doping procedure [163]. Many 
techniques like metabolomic, proteomic, or transcriptome in
vestigations emerges for the evaluation of ABP and act as a new source of 
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optimism in the fight against blood doping. This novel approach of blood 
profile score evaluation, enables the tracking of individual modifications 
over time and also distinguishes the anomalies that are both naturally 
caused by physiological changes within a specific range and even 
perhaps owing to any outside factors, such as doping [164]. The recent 
studies have found Hepcidin, a peptide released by the liver, that can 
serve as an characteristic indirect marker in blood doping detection 
[165,166]. Hence, many recent advances have been made in strength
ening the protocols to avert the practice of blood doping. These recent 
advances act as the detection algorithms or systems that will be bene
ficial for future research studies in designing efficient and comprehen
sive testing procedures against blood doping. 

10. Gene doping 

Sports medicine is deeply concerned about the possibility of gene 
doping, which is described as the swapping of sequences of nucleic acid 
along with the utilization of genetically engineered or unmodified cells 
to increase athletic performance [167]. Several proteins including EPO, 
IGF, endorphin, vascular endothelial growth factor, human growth 
hormone, fibroblast growth factor, encephalin, and myostatin, have 
been identified as possible targets of gene doping [167]. For such a 
process, a number of delivery techniques have been suggested and 
investigated. In general, the athlete’s cells are removed from the body, 
altered in a lab, and then directly transplanted back into the athlete 
[168]. Cells from the athlete can be modified in vitro using one of two 
techniques [169,170]. Considering how new gene doping is, many of the 
potential negative effects are merely hypothetical. Immune response is 
one potential negative impact. An immunological reaction that could 
potentially result in the endogenous protein being destroyed could be 
brought on by the virus or the protein itself. Another issue is that the 
virus may integrate in such a way that it increases proto-oncogene 
synthesis, raising the risk of cancer. Additionally, gene doping may in
fluence germ cells and have both planned and unexpected consequences 
that may be passed on to progeny. Finally, it is challenging to regulate 
the gene’s expression, and overexpression may result in an excess of 
protein that may accumulate to dangerous amounts [167]. 

As in 2021 in the month of January, WADA announced laboratories 
recommendations for genome doping identification approaches utilising 
polymerase chain reaction (PCR), including various reports, summaris
ing the existing systems as well as methodological approaches for 
recognizing transgenic gene for sports doping control objectives, and 
their advantages and disadvantages have also been reported [171–174]. 
Since gene editing methods based on the CRISPR/Cas system have been 
demonstrated to be extremely adaptable in modifying genomic infor
mation and also, modulating activity of gene using catalytically inactive 
Cas, evaluation as a doping strategy is also required here to prevent 
possible subsequent efforts to subvert the approach for performance- 
enhancing objectives. For example, the appropriateness of the test 
technique for the analysis of real doping control samples was confirmed 
by a proof-of-concept administration investigation done by Paßreiter et. 
al. using an in vivo mouse model that exhibited a SpCas9 detection 
window for up to 8 h after injection [155]. Moreover, an HPLC-HRMS/ 
MS technique for detecting SpCas9 was devised and tested. 

11. Conclusion 

This review highlights important developments in different analyt
ical approaches, particularly chromatography-and mass spectrometry- 
based sports drug doping testing. Furthermore, research into bio- 
transformations has continued to unveil a succession of new metabo
lites in support of international anti-doping efforts, and mass spec
trometry has been the most often used technique to define and detect 
these metabolites in routine doping controls. Utilizing new knowledge 
on human drug metabolism and disposition id continuously updated and 
expanded. Additionally, novel strategies focusing on marker-based test 

methods have been evaluated, developed, and put into practise. More
over, doping control also makes use of immunoassays or electrophoretic 
techniques as discussed in literature. These direct screening and verifi
cation methodologies should be updated frequently, which would 
include tracking of additional substances with promising performance 
enhancing assets and constituents of already discovered compounds 
with expansive sensing windows, this is done to recognize the most 
notable, extremely developed doping strategies. Yet, the increasing 
number of novel substances and drug candidates with a wide range of 
physicochemical properties that have the potential to be abused in 
sports will continue to be a challenge for sports drug testing labs. 
Furthermore, anti-doping laboratories should adopt a variety of sample 
preparation procedures that allow speedier and automated workflow 
like LLE, SPE, dilute and shoot methods, given the short reporting pe
riods, because there is a requirement to examine a significant quantity of 
urine and blood samples. Furthermore, DBS was discovered to be a 
suitable substitute for invasive venous blood sample collection. How
ever, the key analytical combination must be used, but this frequently 
necessitates costly instrument and personnel with specialised training. 
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