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Analytical Techniques Used for
Determination of Methylxanthines
and their Analogues—Recent Advances
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Department of Inorganic and Analytical Chemistry, Pharmaceutical Faculty,
Medical College, Jagiellonian University, Krakow, Poland

Methylxanthines (caffeine, theophylline, theobromine) are a
popular group of natural purine alkaloids, which are compo-
nents of many commonly used drugs, parapharmaceuticals and
a wide range of food products (e.g. coffee, tea, energy drinks, etc.).
Calffeine metabolites (theophylline, paraxanthine, theobromine
and other 1-, 3-, 7-methyl tri-, di- and mono-derivatives of xan-
thine) and hypoxanthine metabolites (xanthine, uric acid) play an
important role in the biochemical processes of mammalian organ-
isms. That is why they are the markers of many diseases and are in
the focus of the clinicians, pharmaceutical industry and ecologists.
In addition to the natural methylxanthines there arve structurally
related syntbetic derivatives: pentoxifylline, dyphylline, xantinol
nicotinate and 8-chlorotheophylline that are still valuable phar-
maceuticals needing to be monitored. A review of the modern
techniques used for determination of methylxanthines for the last
10 years (2000 — March 2010) is presented.
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INTRODUCTION

Methylxanthines (Fig. 1) are heterocyclic organic compounds built from cou-
pled pyrimidinedione and imidazole rings. Those purine alkaloids have been
isolated from natural plant materials and include three basic substances:
caffeine, theobromine and theophylline.

Caffeine is a 1,3,7-trimethylxanthine with a broad profile of pharma-
cological action. Tt acts as a stimulant on the central nervous (CNS) and
cardiovascular system, has a mild diuretic properties, and diastolic blood
pressure in the smooth muscles (1).

The metabolism of caffeine takes place in the liver, with the partici-
pation of cytochrome P450 family. The main metabolites are paraxanthine
(84%), theobromine (12%) and theophylline (4%) and to a lesser extent, 1-,
3-, 7-methyl derivatives of uric acid (UA) and xanthine (Fig. 2) (2). That is
why caffeine has potential as a metabolic marker substance in humans and
more universal metabolic tool in the other species (3-5).

The aim of caffeine analyzing in the pharmaceutical industry is con-
nected with its identification and quantification as active compound of
drugs or complex preparations for example with paracetamol (6,7) or
acetylsalicylic acid (cold and antitussive preparations) (8).

The largest consumption of caffeine comes from the food industry.
Massive intake of this purine implies its quantitative and qualitative determi-
nation not only in plant materials as green and black tea (9—14) or guarana
(15,16) but in ready-to-eat products, for example beverages (17,18), coffee
(18), energizing drinks (19,20) or chocolate (21,22).

The presence of pharmaceuticals (antibiotics, steroids, hormones, anal-
gesics, etc.), their metabolites and other wastewater-derived micropollutants
in surface and groundwater is receiving intense public and scientific atten-
tion. Taking into consideration the significant effects of caffeine and its wide
participation in biological processes due to a still-increasing consumption in
various forms, it is postulated that a continuous monitoring of caffeine in
environmental material is needed (23,24).

Theophylline (1,3-dimetylxanthine) is the most commonly prescribed
bronchodilator, used in the treatment of bronchial asthma and chronic
obstructive pulmonary disease. The relaxation effect on the smooth muscle
of theophylline is attributed to the inhibition of the phosphodiesterase, with
a resulting increase in cyclic adenosine monophosphate (cAMP). Similar to
caffeine and theobromine, theophylline is diuretic. However, like the other
methylxanthines, theophylline has a narrow therapeutic index; as a result,
toxicity can be a significant problem with its chronic use, so careful thera-
peutic monitoring is essential, especially with other methylxanthines and/or
other drugs.

Hypoxanthine and xanthine are formed in the metabolic pathway
as a result of the decomposition of adenosine-5-triphosphate (ATP) into



Downloaded by [Rowan University] at 12:25 17 December 2011

Determination of Xanthines and Analogues 3

o] [o]
H
N N
HN HN
Q¥ > L=
NS
N E o N N N
H H H H
hypoxanthine xanthine uric acid
o]
0 /CH3 e} /CH3
H,C H,C
3N N 3 N HN
N
> T A
N N o] N
O o
| H | H | H
CH, CH, CHy
caffeine theophylline theobromine
a R7
/ R1=R7=CHs, Rs=H 1,7-DMX

N \ Ri=CHs, Rs=Ry=H 1-MX
R3=CHs, Ri=R7=H 3-MX
R7=CHs, Ri=Rs=H 7-MX

R3

R1=R3=R7=CHs 1,3,7-TMUA

o R7
. / Ri=Rs=CHs, R=H 1,3-DMUA
Ny N Ri=R7=CHs, Rs==H 1,7-DMUA
)\ | >=0 Ri=CHs, Rs=R:=H 1-MUA
& N Rs=CHs, Ri=R7=H 3-MUA
R3

R7=CHs, R1=Rs=H 7-MUA

OH
OH

HC\ HC\

Hy Hy

>_CI H,C J\/\/\ '5/>

dyphylline 8-chlorothephylline pentoxifylline
OH
CH
OH CH, / 3 (o]
J j
H,C N H3C\ = OH
3 [ ) | oH
Y/, NS
o N
oo
CH
3 H,
lisofylline xantinol nicotinate

FIGURE 1 The structure of methylxanthines: 1,3,7-TMUA 1,3,7-trimethyluric acid, 1,3-
DMUA 1,3-dimethyluric acid, 1,7-DMUA 1,7-dimethyluric acid, 1-MUA 1-methyluric acid,
3-MUA 3-methyluric acid, 7-MUA 7-methyluric acid, 1,7-DMX 1,7 dimethylxanthine, 1-MX
1-methylxanthine, 3-MX 3-methylxanthine, 7-MX 7-methylxanthine (color figure available
online).



“(SUITUO J[E[IEAE 2INSY IO[0D) PIOE JUN[AYIDW-L VON-L ‘QUIIUEX[AYIDW-/ XIN-/ ‘QUIIUBX]AIoW-¢
XIN-€ ‘POE OUNAYIRW-¢ VN-¢ ‘PIoE OUNAYIOW-T VAN-T ‘PIOE JUNAYIOWIP-¢T VAINA-$'T ‘QUIPIUEX[AUIoW-T XIN-1 ‘PIOE JLNOJAYIoWL)
-6 VAINI-LCT ‘proe ounjAmyiownp-£7 VAINA-LT ‘Aiwue] 0¢kd 2WoIydooiAd jo uonedonied mym oumojjed jo wsoqeldw 2U]l, ¢ TANOIA

VNIN-L XINE
XL . VNIN-€
H H 5 H Io_ m
et i~ y 0 M
’ | H A\ _ /N A\ _ N o
N -_— NH NH
/ N N o !
€,
HO il whzus paynusp! jou fu\ " v o
o] i I
o]
wwwm»w 132dAD ZVLdAD
VON-L wiAzua paynuapl jou aulwouiqoay} w:___>r_n_0wu .
H EHO ‘o VNING-€'}
n _ O I Ho
) N = H I
° _ A\ _ 4 N 0
o N | L |
H € / O'H N
HO o H 132dAD OH
o] 2VLdAD H
o]
aox ZvLdAD
132dAD 2V1dAD
132dAD VANL-2S°L
XIN-L auiyuexeued aulayeo

€,
" _.6_ In_v
H H
N 0 N N. N 0
A\A | A\ _ 2VidAD A\ _ © “ _
Noth eviaro \ N o PYEAAD ) o'y
H o i)
0 HO

€
(e} Ho (o}

C¢VYLdAD
9VZdAD

0O

H H
N.
vama-2r o= || /ZW
oy
o d
HO o}

TTOZ Jequieeq /T G2:ZT e [Aisieniun vemoy] Aq pepeojumoq



Downloaded by [Rowan University] at 12:25 17 December 2011

Determination of Xanthines and Analogues 5

Pi
NH, NH, NH,

N = | N\> hydrolysis N’ = | N\> u N = | N\>
—_— —_—
KN A N K\ N
\ \ N \
Rib-P-P-P Rib-P-P Rib-P

ATP - Adenosine-5'-triphosphate ADP - Adenosine-5'-diphosphate AMP - Adenosine-5'-monophosphate

H,0
AMP deaminase
NH,

4+

ribose-1-P P; P|

o] (o]
HN N K/
\ N> purine nucleoside K > nucleoide base >
» phosphate (PNP)
i Rlb P
hypoxanthine H,0 + 0, inosine
inosine-5'-monophosphate
xanthine oxidase
H,0,
Q
N
HN | \> HN'
)\
o] N o] N
H H H
xanthine uric acid
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adenosine-5’-diphosphate (ADP) and further adenosine-5-monophosphate,
inosine and uric acid (UA) which is the final product of this transformation
(Fig. 3).

Increased concentration of any of these compounds results in an ele-
vated UA level that leads to formation and precipitation of monosodium
uric crystals in joints, tendons, and surrounding tissues and brings on an
acute and painful inflammations (gout) or urolithiasis. Effectively, it may
cause kidney damage (25), cardiovascular system diseases (26) and/or
insulin metabolism disturbance (diabetes type ID) (27). Monitoring concen-
trations of xanthines in this metabolic path in human tissues and humors
(28,29) is also a priority in assessment of other failures connected with
cell hypoxia, enzymatic regulatory disturbances or genetic defects (Lysch-
Nyhan syndrome (30)) associated with immunological, haematological and
neurological dysfunctions.

The synthetic group of methylxanthines in this review concerns
dyphylline, 8-chlorotheophylline and xantinol nicotinate, which can be
considered as 7- or 8- substituted theophylline analogues and pentoxifylline
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with its main metabolite lisofylline (LSF), which can be found as theo-
bromine derivatives.

Pentoxifylline (1-(5-oxohexyD-3,7-dimethylxanthine) is a hemorheo-
logic agent widely used as a vasodilator in the treatment of peripheral
and cerebral vascular disorders. It also acts by reducing blood viscosity
that increase blood flow to ischaemic tissues and exerts immunomodulatory
effects both in vitro and in vivo in animal models of sepsis. Pharmacokinetic
studies have shown that pentoxifylline is transformed into several metabo-
lites (in mammals). One of them: 1-(5-hydroxyhexyl)-3,7-dimethylxanthine
(MD) is chiral. Its R enantiomer is known as LSF and has been reported
to produce hemorheologic effects similar to pentoxifylline. It is known that
from LSF the other metabolites are produced. Recent studies have extended
the therapeutic application of LSF especially for diabete mellitus.

Dyphylline is a water soluble derivative of theophylline with broncho-
and vasodilator properties. It is used in the treatment of asthma, cardiac
dyspnea, and bronchitis.

The compound 8-Chlorotheophylline is one of the components of DMH
(Dimenhydrinate), an over-the-counter antiemetic. Like the other xanthines,
it is an adenosine antagonist. In this case it acts as a stimulant on the central
nervous system and helps in psychomotor and locomotor disorders.

There were no articles concerning analysis or determination of xantinol
nicotinate in recent 10 years. This potential drug is under pharmacological
and clinical studies with few release results so it will be not found in this
review.

All these observations lead to the conclusion that the analysis of natural
methylxanthines in pharmaceutical researches, clinical and environmental
fields is large and steadily growing due to the fact that they are markers of
many dysfunctions and diseases, components of many common medicines,
dietary supplements and many commonly used foods as well. The analytical
requirements for the development of these compounds is increasing and
results in a continuous search for new, reliable, precise, simple, fast and
low-cost methods of analysis.

A review of the modern techniques used for quantitative and qualitative
determination of methylxanthines with particular emphasis on separation
methods especially liquid chromatography (HPLC) and capillary elec-
trophoresis (CE), both with spectrophotometric (UV), mass spectrometry
(ESI/MS) and amperometric detection is presented. The literature listing of
the last 10 years (2000 - March 2010) was created by searching databases,
using the following keywords: HPLC, amperometry, chromatography,
electrophoresis and spectrometry associated with: caffeine, theophylline,
dyphylline, xanthine, UA, pentoxifylline, lisofylline, 8-chlorotheophylline
and xantinol nicotinate. The peculiarities of the analysis of methylxanthines
and its metabolites has been discussed and summarized in tabular form
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(Tables 1 to 7) including important methodological details. The analyses of
biological samples were especially under consideration.

EXTRACTION METHODS

Most papers describe methods applied for the determination of caffeine.
Shrivas et al. (17) coupled drop-to-drop solvent microextraction (DDSM)
with gas chromatography with mass spectrometry detection (GC/MS). They
analyzed the caffeine content of various beverages and food using 7 pL
samples. The dichloromethane extraction time of was five minutes. Li et al.
(37) proved that subcritical water extraction (SBWE) is an effective extraction
fluid not only for caffeine but also for other classes of organic compounds
like: chlorophenols, chloro- and methylanilines, nitrotoluenes and polychlo-
rinated biphenyls (PCBs); an on-line coupling system SBWE with HPLC was
used.

Theodoridis et al. (33,34) prepared a molecularly imprinted polymer
(MIP) with caffeine as the template molecule. In their work the authors
successfully applied extraction protocol to the direct extraction of caffeine
from beverages and spiked human plasma (34) and described an automated
sample preparation scheme that allowed the on-line extraction of a sample
prior to HPLC analysis utilizing a low-pressure system (33).

Selective extraction of theophylline from human serum samples was
investigated by Khorrami et al. (32). The authors presented the technique
based on the simultaneous forward-extraction of analyte from aqueous
sample to an organic solvent and back-extraction to MIP solid phase.
Conditioning and washing steps are eliminated in the proposed method.
The technique is called solvent extraction - molecularly imprinted polymer
solid phase extraction (SE-MIP-SPE).

An interesting approach was used by Jarmalaviciene et al. (35).
The authors demonstrated efficacy of restricted-access media solid phase
microextraction method (RAM-SPME), compared to conventional fillings of
monolithic columns Cig and reversed phase (RP) in simultaneous separation
and determination of protein, caffeine, paracetamol and acetylsalicylic acid
in biological material.

A similar analysis of the fillings was made by Chen et al. (36) in
the determination of trace amounts of caffeine in sewage effluents. The
Polymeric RP pre-column (PLRP-s column containing rigid macroporous
spherical particles of polystyrene/divinylbenzene) has proved to have higher
recovery efficiency and were more repeatable (repeatability, CV% 2.6) than
other adsorbents compared: Cyg, polymer RP (PRP-1 with a pore size 100A)
and Env (high purity styrene-divinylbenzene - SDVB) - CV%, respectively,
3.1,3.7,39.
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CHROMATOGRAPHIC METHODS

High performance liquid chromatography (HPLC) (32, 33, 38-80, 183—
185,188-191) and ultra-high performance liquid chromatography (UHPLC)
(81-84) are particularly important in analyzing this group of compounds
(Table 1).

Very interesting methods were developed for multicomponent systems.
Di Pietro et al. (40) separated and quantified thirteen unmodified and mod-
ified purines in human urine in a single run. The method may be useful in
the investigation of urinary pattern of methylated bases in diseases involving
purine metabolism.

Zydron et al. (64) developed a new gradient procedure that was suc-
cessfully applied to the analysis of eleven methylxanthines and methyluric
acids in urine of patients with chronic asthma treated with theophylline.

Georga et al. (73) reported automated RP-HPLC method, using a linear
gradient elution, for simultaneous analysis of caffeine, theophylline and their
ten metabolites.

Schneider et al. (76) developed an HPLC-ES-MS/MS method for the
determination of eleven caffeine metabolites and two internal standards after
a simple sample filtration.

A similar procedure without extraction was optimized for the deter-
mination of 1-methylxanthine (1-MX), 1,7-dimethyluric acid (1,7-DMUA),
1-methyluric acid (1-MUA) and 2 uracils as shown by Nyéki et al. (77).
Initially the urine samples were diluted, centrifuged and then injected onto
a YMC-Pack Polyamine II (250 x 4.6 mm) column applying an acetonitrile
stepwise gradient elution program.

Sixteen purine derivatives (UA, 2,8-dihydroxyadenine, xanthine, hypox-
anthine, allopurinol, oxypurinol and 10 methyl derivatives of UA or xan-
thine) in urinary caliculi were simultaneously determined by Safranow et al.
(50). The limits of detection (LOD) for individual compounds ranged from
6 to 35 g purine/g of the stone weight and precision (CV%) was 0.5-2.4%.

The largest number of compounds was analyzed in a gradient HPLC-
UV/MS/MS method developed by Yang et al. (61). The authors determined
21 metabolites related to the diabetic nephropathy in human plasma with
very good linear range (LR) and LOD values.

In all publication including HPLC methods MS or UV detectors were
used. In only three articles, electrochemical detection was used when xan-
thines are electroactive. Inoue et al. (59) determined UA in human saliva,
Yang et al. (62) reported UA analysis beside creatinine, cystine, oxalic acid
and citric acid in urine samples and Li et al. (81) determined ascorbic
acid (AA), dehydroascorbic acid and UA using homogentisic acid (HGA)
as internal standard.

Gas chromatography (GC) is rarely used with xanthine (17,24,15).
Obviously GC is exclusively dedicated to volatile compounds. Xanthines
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are not naturally very volatile; they will require extensive sample prepara-
tion and derivatization to be analyzed by GC. However Goémez et al. (24)
determined by GC at 220°C underivatized caffeine and 1,7-dimethylxanthine
beside nicotine, ibuprofen, acetaminophen, DCDD (2,7-dichlorodibenzo-
p-dioxin), Triclosan, Diclofenac, Bisphenol A and Carbamazepine in waste
water with a GC ramp reaching 300°C. This new multi-residue analytical
GC method based on solid phase extraction (SPE) with Oasis HLB sor-
bent gave LR from 10 to 1000 ng/L and 50 to 1000 ng/L for caffeine
and 1,7-dimethylxanthine, with LOD of 0.7 and 10 ng/L respectively. The
method was easy, fast and viable for routine analysis, avoiding the incon-
venience associated with the application of derivatization processes. Two
other GC works considered caffeine (17) and caffeine beside guarana (15).
The LRs were 0.05-5.0 mg/L with LOD 4.0 pg/L and 50-1000 mg/L with
LOD 15 mg/L respectively.

Thin-layer liquid chromatography (TLC) (85,187) was used in two
works, and it was supplanted by the more modern variety: high perfor-
mance TLC (HPTLC) (19,20,86,186) (Table 2). Formerly TLC was employed
only to identification purposes, but combined with modern forms of detec-
tion (e.g., densitometry) (19,86) it is a great tool in analytical laboratory.
The mobile phases were composed of two solvents: ethyl acetate—-methanol
(19,187), three solvents: ethyl acetate-methanol-ammonia (86) or acetic
acid-isopropanol-toluene (85), four solvents: acetone-chloroform-toluene-
dioxane (186) and even five solvents: chloroform- ethanol-acetic acid-
acetone- water (20). The typical UV wavelength for detection of caffeine
is 274-275 nm and for theophylline 272 nm.

Mirfazaelian et al. (85) used a TLC method for the determination
of theophylline in plasma; the other works were regarding caffeine in
pharmaceutical formulations and food products.

A very interesting procedure was reported by Aranda et al. (86); the
authors coupled a HPTLC system to a ESI-MS detection method using stable
isotope dilution analysis (SIDA). They could quantify very precisely caffeine
in pharmaceutical and energy drink samples (samples and caffeine standard
were over-spotted with caffeine-ds).

ELECTROPHORESIS

The capillary electrophoretic methods (CE) (7, 14, 16, 18, 21, 22, 35, 87—
115,116-118, 192) were also widely used in the analysis of methylxanthines.
Depending on the use of electrolytes and buffers, on the types of columns
and on the separation mechanism, two CE methods can be distinguished:
the capillary zone electrophoresis (CZE) and the micellar electrokinetic
capillary chromatography (MEKC) methods (7, 14, 16, 22, 87, 89, 91, 99,
116, 118).
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The ionizable uric acid (UA) is the compound most commonly analyzed
using electrophoretic methods (94, 95, 103, 107, 110). UA is analyzed with
ascorbic acid (AA) (90, 92, 104, 105, 108, 109, 111). All analyses were based
on biological samples.

Georgakopoulos et al. (111) examined the levels of UA, AA and malon-
dialdehyde in tears and obtained a LR of 2-500 pM and LODs of 0.5 pM.

An interesting method based on gold nanoparticle-enhanced CE-
chemiluminescence (CL) detection was developed by Zhao et al. (107,108).
In this way, traces of UA were determined in human serum and urine; the
results were comparable with those obtained using UV detection. H,O,
(107) or K3(Fe(CN)g) (108) were needed as post-column oxidizing agents
to induce chemiluminescence.

There was only one paper concerning the simultaneous determination
of UA and dopamine by CE (96). UA was also determined with creatinine
and creatine in the works of Clark et al. (88), Garcia et al. (98) and Lee et al.
(100).

Hypoxanthine (112) and hypoxanthine associated to UA and xanthine
were also determined by CE (97, 117).

Caffeine, theophylline and theobromine (16, 18, 91, 93) were the object
of CE analysis in food samples. Only Zhang et al. (106) reported the levels
of caffeine and theophylline in rat serum and urine.

Caffeine beside paracetamol was also analyzed by CE by Kolhed
et al. (99) simultaneously with p-nitro benzyl alcohol, m-nitrophenol and
p-nitrophenol. The authors used infrared spectrophotometry with Fourier
transformation (FTIR) as the detection method. Although the LR and LOD
were in the mM range, it may be possible to reduce them by exploiting
the stacking and sweeping possibilities provided by CE and MEKC or more
powerful light sources. The two advantages of this method are that it does
not destroy the analytes and the flow cell allowed for real-time identification
results. MEKC coupled with FTIR might be of great interest of wide range
of applications due to the provided unique IR spectrum of each separated
analyte.

The electrophoretic methods also include capillary electro-
chromatography (CEC), which combines the high efficiency of CE
with the high selectivity of LC. The CEC method was used by Ohyama
et al. (101) to separate caffeine and its two metabolites: 1-methylxanthine
(1-MX) and 1,7-dimethylxanthine (1,7-DMX). The stationary phase was a
3-(1,8-naphthalimido) propyl-modified silica gel (NAIP) and the optimal
separations conditions were achieved with a 4.0 mM citrate buffer (pH 5.0)
containing 80% methanol at an applied voltage of 25 kV. The compounds
were completely separated with good repeatability in less than 3.5 minutes,
which was approximately 3-times faster than HPLC with the same phase.

Microchip electrophoresis has become a mature separation technique
in recent years. Microfluidic channels provide a stable electroosmotic flow
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(EOF) because of the neutral hydrophilic surface chemistry, automation, fast
analysis speed and minimum sample requirement. The most frequently used
material was poly-dimethylsiloxane (PDMS) (90, 96, 98, 105, 106) (Table 3).

ENZYMATIC BIOSENSORS

Methylxanthines biosensors consist of a thin layer of the specific oxidase
enzyme immobilized on the various types of electrode’s surface, and an
electron mediator Me (Equation (1)) can be oxydized. As a result of the reac-
tion, the stoichiometric amount of dihydrogen dioxide and Me + occurred,
whose redox potential is measured (Equation (2)).

H,O;, + 2Me + 2H" —— 2H,0 + 2Me™* D
Met +e—> Me )

Biosensors with Urate Oxidase (UOx)

Uricase catalyzes the oxidation of UA to allantoin as presented by
Equation (3a):

Urate oxidase (UOx)
Uric acid + Oy ——— Allantoin + H,O» (32)

UA was determined alone (119-124). Akyilmaz et al. (119) and Zhao et al.
(123) analyzed it in urine, Zhang et al. (121) in blood samples and Zhang
et al. (122) in rat stratium.

Biosensors work generally in phosphate buffer in a pH range 6.8 to 7.5
except in the Wang et al. work (120) where pH 8.5 was used. The LR and
LOD covered millimole (mM) and micromole (WM) concentrations.

Akyilmaz et al. (119) pointed out, that the produced H,O, under-
goes a non-enzymatic decomposition releasing oxygen, which contributes
to the total concentration of dissolved oxygen (DO) at the electrode surface,
therefore, resulting in ADO values that are much lower than expected. To
eliminate this effect he proposed a dual enzymatic system sensor (urikaza-
peroxidase), working according to the mechanism described by Equations
(3b) and (4):

Urate oxidase (UOx)
Uric acid 4+ 2H,O + O, ———— Allantoin + CO, + H,O, (3b)

Peroxidase (HRP)
Uric acid + 2H,O, ———— Oxide donor + 2H,O (4)

The significantly low LOD (5.0 x 107 mol/L) from microdialysis sampling
was obtained by Zhang et al. (122) with a novel reagentless amperometric
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TABLE 4 Electrochemical Biosensors Based on Urate Oxidase (UOx)

Compound/

simultaneously

determinate

with/ sample Detection Sensitivity

matrix method/details Linear range (LOD or LOQ) RSD% Ref.

UA/-/urine amperometric 0.1-0.5 pM 0.1 pM 2.96 [119]
biosensor based
on UOx—
peroxidase
coupled enzyme
system; phosphate
buffer (pH 7.5;

50 mM);

UA/-/- PS/UOx/GE; 5-105 uM - 2.8 (120]
oxygen-saturated (n =10)
phosphate buffer
solution (PSB,
10mM, pH 8.5); CV

UA/-/blood UOx/ZnS 5.0 x 107° =2.0 2.0 x 107° 1.3-4.4 [121]

samples QDS/L-cys/Au; pH x 107 M/L M/L (n=3)
6.9 phosphate
buffer; CV
UA/-/ dialysate UOx/MWCNTs— 1.0 x 1077 =5.0 5.0 x 10 M/L [122]
samples in SnO, /GCE; x 1074 M/L
rat striatum amperom.

UA/-/urine UOx-CS/Hb-CS/GCE; 2.00-30.0 pM 0.85 uM 1.36-4.23  [123]
0.05 M phosphate (n=>5)
buffer (PBS)
pH 7; CV

UA/-/- UOx Ir—C electrode;  0.1-0.8 mM 0.01 mM - [124]

pH 7 phosphate
buffer solution
(PBS); amperom.

Uox, urate oxidase; UA, uric acid; ODS, quantum dots;, MWNTs, multiwalled carbon-nanotubes; Hb,

hemoglobin; CS, chitosan.

biosensor based on functionalized multi-wall carbon nanotubes (MWCNTS)
with tin oxide (SnO,) nanoparticles. The LR was 1.0 x 1077-5.0 x 10~%

mol/L (see Table 4).

Biosensors with Xanthine Oxidase (XOD)

Xanthine oxidase (125-141) (Table 5) catalyzes the oxidation of hypoxan-
thine to xanthine (Equation (5)) and can further catalyze the oxidation of

xanthine to UA (Equation (6)):

XOD
Hypoxanthine + O, — Xanthine + H,O,

Xanthine + O, ~25 Uric Acid + H,O,

©))

©)
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The biosensors were working in phosphate buffer in pH ranging
from 6.8 to 7.6. The LR covered millimole (mM) to micromole (uM)
concentrations.

The hypoxanthines (128, 129, 131, 136, 140) and xanthines (125-127,
132, 133, 135, 138, 139, 141) were analyzed alone. However Zhang et al.
(130) determined hypoxanthines beside glucose, lactate and L-glutamate in
rat stratium.

For more accurate detection of xanthines, Salinas-Castillo et al. (139)
have developed a trienzymatic system, based on coupled XOD-SOD-HRP
(Peroxidase — HRP, superoxide dismutase —SOD, xanthine oxidase - XOD)
system in a single sol-gel matrix to prepare a fluorescent biosensor. The
LOD was 0.02 uM which largely improves the sensitivity of the current
xanthine biosensors however the LR (0-3.5 wM) requires diluting the sample.
Peroxidases were also used in the double system by Shan et al. (126) and
Mao et al. (136) with wider LR.

The interesting biosensor for theophylline build on microbial XOD was
proposed by Stredansky et al. (137). It showed a low LOD of 2 x 107" M
and LR up to 5 x 107> M.

Biosensors with Theophylline Oxidase ThO

The catalytic mechanism of ThO involves oxidation of theophylline to
1,3-dimethyluric acid; the reduced enzyme can then be re-oxidized by
cytochrome C or by other electron acceptors that completing the biocatalytic
cycle (142,143) as clearly seen on equation 7:

Theophylline + 2ferricytochrome ¢ The 1, 3-dimethyluric acid

+2ferrocytochrome ¢ @),

The biosensors were working in phosphate buffer in pH 7.0. The LR and
LOD covered millimolar concentrations. The lowest LOD (0.02 mM) was
obtained by Ferapontova at al. (142) with a sensitivity of 52 mA/M cm?
(Table 06).

NON-ENZYMATIC BIOSENSORS

Non-enzymatic devices were the largest group among the biosensors (144—
182) (Table 7). Different techniques were used to prepare them such as
physical adsorption, cross-linking, covalent bonding, and gel or membrane
entrapment. Among these techniques, electrogenerated polymerization has
been receiving a great attention due to a number of advantages. The main
advantage is that the immobilizing process can be controlled by adjusting
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TABLE 6 Electrochemical Biosensors Based on Theophylline Oxidase (ThOx)

Sensitivity
Compound Detection method/details Linear range  (LOD or LOQ) RSD% Ref.
Theophylline ThOx in Os-redox-polymer on  0.02-0.6 mM 0.02 mM - [142]

GE, 0,15 V; 10 mM
phosphate buffer containing
0.15 M NacCl (PBS), pH 7.0
Thephylline ~ ThOx/DDAB on GE, 0,15V; 10  0.2-8 mM 0.2 mM - [142]
mM phosphate buffer
solution, containing 0.15 M
NaCl (PBS), pH 7.0
Theophylline ThOx/SAM-modified Au, 0,15 2-3 mM 2 mM - [142]
V; 10 mM phosphate buffer
solution, containing 0.15 M
NaCl (PBS), pH 7.0
Theophylline ThOx on GE, 50 mM 0.2-2 mM 0.2 mM - [143]
phosphate buffer at pH 7,
—0.1 Vand +0.3 V vs
Ag|AgCl (0.1M KCD)

ThOx, theophylline oxidase; Os, osmium; DDAB, didodecyldimethylammonium bromide; SAMs, self-
assembled monolayers.

the electrochemical parameters, so the thickness, permeation and charge
transport characteristics of the polymeric film is known whatever the size or
geometry of the electrode surface are.

The most common analyte quantified using non-enzymatic biosensors
was UA (144-166, 169, 172, 174, 176, 181, 182). UA was very often analyzed
simultaneously with AA. Tt is a problem to separate the signals (145, 147—
148, 150-153, 155-157, 159-164, 166, 176, 181). The very good separation
of UA from AA was demonstrated by Liu et al. (155). Using a glassy carbon
electrode (GCE) modified with 4-(2-pyridylazo)-resorcinol (PAR) polymer
film, the authors obtained the LR values of 1.0 x 107%—5.0 x 107> mol/L
and LOD 1.0 x 10~ mol/L.

Other simultaneous determinations of UA were with dopamine (DA)
(145, 154, 156, 160, 162, 163, 166, 181, 182) or with ascorbic acid (AA)
and dopamine (145, 156, 160, 162, 163, 166, 181), norepinephrine (140),
epinephrine (159, 164), tryptophan (150), paracetamol (151), xanthine (144,
172) and hypoxanthine (175). Xie et al. (174) determined UA and xanthine
additionally with hypoxanthine.

The caffeine (167,168,177) and theophylline (170,173,178) values of
LR and LOD were measured with the low millimolar to micromolar
range of concentrations. The exception was the work of Liu et al. (178)
where authors obtained on platinum nanoparticles (Ptpano) coated with a
multiwalled carbon nanotube (MWCNTSs)-1-octyl-3-methylimidazolium hex-
afluorophosphate ((OMIM)(PF;)) composite material film (MWCNTs-Ptyano-
(OMIM)(PFy)) and deposited on a glassy carbon electrode (GCE) the LR of
1.0 x 1078—=1.0 x 10> M and the LOD estimated to be 8 x 107 M.
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Ferapontova et al. (173) have been successful using a RNA aptamer-
based electrochemical biosensor in theophylline analysis.

The biosensors were working in phosphate buffer in pH from 6.0 to 8.0,
however more acidic conditions (under pH 5) were not rare (150, 160, 162,
165, 171, 178). It is important to point out the work of Da Silva et al. (181)
where the authors successfully separated UA form DA on pyrolytic graphite
electrodes (PGE) modified into dopamine solutions using phosphate buffer
solutions pH 10 as supporting electrolyte.

UV SPECTROPHOTOMETRY

In only three articles over this period of time UV spectrometry was used.
Kelani et al. (193) applied ratio—spectra zero-crossing first-derivative spec-
trometric and two chemometric procedures: PLS (partial least-squares) and
PCR (principal component regression) as supporting techniques helpful in
accurate determination of 8-chlorotheophylline and caffeine beside chlor-
phenoxamine hydrochloride. The LR and LOD parameters were as follows:
4-20 pg/mL (LR), 0.24 pg/mL (caffeine), 0.34 pg/mL (8-chlorotheophylline)
with ratio-spectra zero-crossing first-derivative spectrometric method and
4-25 pwg/mL (LR), 0.13 pg/mL (caffeine), 0.15 pg/mL (8-chlorotheophylline)
with PLS and PCR methods.

Llorent-Martinez et al. (55) used a single continuous-flow solid-phase
UV spectrophotometric sensing system for determination of caffeine, theo-
phylline and theobromine in food products, beverages and pharmaceutical
preparations. The results were comparable to those obtained using a HPLC
method.

Senttirk et al. (65) determined the theophylline and ephedrine HCI
content in tablets using a simple UV detector to measure the solution
absorbance.

CONCLUSIONS

The aim of this review was to present an overview of the advances of
analytical techniques used for determination of methylxanthines and their
analogues for the last 10 years. The most commonly employed method is
HPLC. The objects of separation were rarely individual components, most
frequently there were simultaneous determination of multiple constituents in
body fluids (serum, plasma, urine), complex medicines, plant products (e.g.
tea leaves, coffee, soft drinks) or sewage sludge. The analysis was usually
carried out in reversed phase mode with classical 4.6 cm i.d. Cig columns.
Very often, pre-columns (guard columns) were used to protect the work-
ing column. Typical analysis was carried out using a gradient elution. The
mobile phase usually consists of water miscible organic solvents such as
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acetonitrile or methanol and water or buffer solutions (pH neutral or acidic).
The most commonly used modes of RPLC detection are UV spectrometry
at a single wavelength or multiple wavelengths with a diode array detec-
tor (DAD), mass spectrometry with electrospray ionization (ESI-MS/MS) or
rarely electrochemical detection.

It is interesting that the introduced and very often used in the last years
UHPLC technique still has not found beneficial application in the analysis of
methylxanthines (except few reports concerning determination of caffeine),
but in our opinion it will be more used in the near future.

The next commonly employed method for xanthine determination is
CE. CZE, which is the simplest CE mode, has been mostly applied to the
separation of UA and UA with ascorbic acid (AA); and in a lesser extent
to the determination of caffeine, hypoxanthine, xanthine and theophylline.
The analytes was successfully separated by borate or phosphate buffer under
basic conditions, although other buffers, such as acetate and Tris were also
used. Usually UV detection is the most frequently used detector. However
the concentration sensitivity of CE with UV detection cannot usually go
below the micromolar level due to the short optical path length and small
injection volumes. This is often insufficient to detect trace levels of metabo-
lites in real samples; therefore a more sensitive detection mode is required
such as electrochemistry or MS.

MEKC was the best electrophoretic solution for simultaneous determi-
nation of multiple xanthine constituents in body fluids, in drugs or in plant
products. The most widely used buffers were borate or phosphate salts with
SDS (sodium dodecyl sulfate) anionic micelles.

The rapid separation and sensitive determination of methylxanthines
were obtained in PDMS microchannel electrophoresis integrated with elec-
trochemical detection. Due to the known limitations of PDMS (extreme
hydrophobicity and unstable and/or poorly controlled EOF), many works
reported the use of PDMS with surface modified by appropriate coatings.
Reversed EOF and thus rapid and efficient separation of methylxanthines
was obtained after coating PDMS with poly(allylamine) hydrochloride,
poly(diallyldimethylammonium chloride), chitosan or chitosan-DNA.

Other chromatographic methods, i.e., TLC or GC were rarely used for
xanthine detrmination.

It is very important to point out the critical importance of sample prepa-
ration in xanthine determinations. SPE methods are very good solutions
for this problem. The SPE method has several advantages: speed, reduced
labor, better recoveries, improved sample-to-sample consistency, signifi-
cantly reduced solvent consumption and waste production, ruggedness and
reliability. However, due to the relatively high polarity of methylxanthines,
these compounds are often located in aqueous solutions that require the use
of typical apolar Cyg cartridges that often do not give acceptable results. That
is why there were only few reports concerning simple SPE methods. Special
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extraction methods such as drop-to-drop solvent microextraction, subcrit-
ical water extraction, molecularly imprinted polymer and restricted-access
media SPME were used. Another simple solution would be to perform SPE
with Oasis® cartridges (HLB or MAX) that provide a high capacity for polar
compounds.

Amperometric sensors and biosensors for the specific determination of
methylxanthines have attracted a great attention due to their analytical per-
formances. Electrochemical sensors provide, among other advantages, low
LOD, a wide LR, a good stability and reproducibility. The measurements
are made directly on the raw sample, in real time. The sensor produced
electrical signal is directly converted into a measured analytical concentra-
tion. The measurement does not require any special long-lasting preparatory
procedure or prior treatment with expensive materials.

Enzymatic biosensors are becoming more popular; enzymes are excel-
lent analytical reagents due to their specificity, selectivity, efficiency and
allow obtaining correct results with great accuracy and sensitivity. However
the small number of publications with enzymatic biosensors is generally
caused by their high cost.

The natural methylxanthines: caffeine, xanthine, hypoxanthine, UA and
especially their metabolites, have a large share in the current researches. It
shows that they are in the strict area of interest of many research groups and
has important practical and the scientific value.
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