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Abstract 
Nine purine and pyrimidine bases were separated and determined simultaneously using reversed phase (RP) high performance liquid chromatography (HPLC) in some food samples and biological fluids. Chromatographic behavior of these ionizable compounds highly depends on the interactions with the solvent as confirmed experimentally and by calculation of distribution of this species as a function of pH. Chromatograms show the optimal separation of five purine (uric acid, hypoxanthine, xanthine, adenine, and guanosine), and four pyrimidine (cytosine, uracil, cytidine and tymine) bases at pH around four. Accordingly, acetate buffer was selected due to high buffer capacity in this region. By variation of pH, concentration of buffer and volume ratio between buffer and methanol, we found that a mixture of 50 mM acetate buffer of pH 4.0 ± 0.1 with 3 % of methanol ensures reproducibility, complete separation in less than 15 minutes and compatibility with MS detection. Developed method was validated and applied for the analysis of complex clinical and beverage samples.
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1. Introduction
Purine and pyrimidne bases and their nucleotides are involved in a numerous biochemical processes, and they play an important role in cell metabolism as monomeric precursors of RNA and DNA and as a secondary messenger.1 Their determination is very important in many areas of research, like clinical analysis2-7, or food and beverage analysis8-14. In food analysis some of these compounds have been related to off–flavors in food, being a marker for its freshness, on the other hand the end product of purine catabolism in the human body is uric acid, which is known to be a major trigger for gout, a common disease in developed countries. Because of this, many analytical methods have been developed for determination of purine and pyrimidine bases. The most widely used technique for biological samples is reversed phase (RP) or RP ion-pairing15 high performance liquid chromatography (HPLC) because it gives reproducible results, and is sensitive, selective and easily automated.2-3, 5-7, 10, 12-14 Capillary electrophoresis is also widely used for the separation of these analytes because of its minimal sample volume, short analysis time and high separation efficiency.16-18 For both techniques UV/VIS5, 18, electrochemical19 or MS detection is used13-14, 18, 20-22. Since nucleobases are electroactive, in some papers voltammetric determination with static mercury drop electrode23-24, by modified graphite/carbon electrodes25-26, and on the boron-doped carbon nanotubes are also reported27.
In this study HPLC with isocratic elution with UV and MS detection was employed for the separation and determination of nine purine and pyrimidine bases. Since the majority of previous reports on HPLC separation of purine and pyrimidine bases were performed with phosphate buffers2, 5-6, 9-12, 15  which according to our observation do not ensure reproducible retention in acidic region, the main aim of our research was to find better mobile phase and to optimize the conditions for their complete separation. Developed method was applied for the analysis of some beverage samples and biological fluids.
2. Experimental
2.1. Materials and Chemicals
Purine (uric acid-UA, hypoxanthine-HY, xanthine-XA, adenine-AD, guanine-GUA, and guanosine-GU) and pyrimidine bases (cytosine-CS, uracil-UR, cytidine-CD, and tymine-TM) were all of 99% purity (except GU 98%) and purchased from Sigma-Aldrich, Germany. For the preparation of buffers and mobile phases 99.5 – 100.5% KH2PO4 (Merck, Germany) and 98% K2HPO4 (Kemika, Croatia), 99% acetic acid and sodium acetate (Sigma-Aldrich, Germany), HPLC grade methanol (MeOH, J.T. Baker, Holland), 27 % NH3 (Sigma-Aldrich, Germany), 99 % NaOH (Merck, Germany), 37 % hydrochloric acid and 84 % phosphoric acid (Riedel-De Häen, Germany) were used. Calibration of glass electrode (6.0234.100, pH 0‑14, Metrohm, Switzerland) was performed with standard aqueous buffer solutions (Kemika, Croatia) and Milli-Q purified water (resistivity >18 MΩcm) was used for the preparation of working standards and solutions throughout the work.
2.2. Apparatus and Chromatographic Conditions
Liquid chromatographic system consisted of K-501 pump (Knauer, Germany), autosampler with injector (sample loop 20 µL) (Spark Basic Marathon, Holland), UV/VIS detector Smart Line UV 2500 (Knauer, Germany) and PC with software Basic Edition V3.05 (Knauer, Germany). An ultrasonicator Sonis 4 (Iskra, Slovenia) and a pH Meter 781 (Metrohm, Switzerland) were used.
Chromatographic separations were achieved on a RP column Kinetex™ C18 (150 mm x 4.6 mm i.d., 2.6 µm particle size, pore size 100 Å) purchased by Phenomenex (Torrance, CA, USA). KrudKatcher ultra HPLC in-line filter (0.5 µm, AFO-8497) (Phenomenex, USA) was used to protect the analytical column.
The following mobile phases were used: MP1 consisted of 50 mM phosphate buffer prepared by mixing of 48 mM of KH2PO4 and 2 mM K2HPO4 with methanol (97:3, v/v). Final pH of buffer was adjusted to pH 4.0 – 6.5 by dil. H3PO4 or NaOH.  MP2 contained 50 mM (or 0.10 M and 0.20 M) acetate buffer of pH 4.0 and methanol (97:3, v/v) if not stated otherwise. Buffers were prepared by mixing of sodium acetate and acetic acid solution of adequate concentration. The mobile phase was prepared daily and was filtered with 0.45 µm membrane filter (Millipore, Germany) under vacuum. Flow-rate was 0.5 mL/min and the detector wavelength was set at 254 nm. All assays were performed at ambient temperature.
For the confirmation of particular bases and by the analysis of real samples peak identity was determined by MDS SCIEX 3200Q LC/MS/MS spectrometer (Applied Biosystems, USA) with electrospray ionization (ESI). Quadrupole mass analyzer was coupled to the chromatographic system and UV-VIS detector was connected between column and MS detector. For LC-MS analysis 50 mM ammonium acetate buffer was prepared (MP3) by titration of 50 mM acetic acid with 1 M solution of NH3 to pH 4.0, and mixed with methanol (97:3, v/v).
2.3.  Preparation of Standard Solutions
Stock solutions of purine and pyrimidine bases were prepared by weighing of the required amount of particular substance and then dissolved in 1 or 2 ml of 1 M NaOH and diluted with water to the final concentrations 10.0 or 1.0 mM. Solutions were stored in refrigerator and prepared fresh each month. Working standards were prepared daily from stock solutions and diluted with mobile phase solution.
2.4. Sample Preparation
Three types of samples were used for determination of purine and pyrimidine bases: saliva, urine and beer. For the HPLC analysis beer samples (alcoholic and  nonalcoholic samples of local producers) were degassed to eliminate dissolved CO2 and diluted with mobile phase MP2 at a ratio 1:20. 
Saliva samples taken from healthy volunteer according to ethical standards were first centrifuged for 30 minutes and then the supernatant phase was filtered through 0.22 µm membrane filters and then diluted in a ratio 1:5 (v/v) with 50 mM acetate buffer.
Urine samples were also taken from healthy volunteers in compliance with ethical standards, sonificated for 30 minutes and then diluted in a ratio of 1:5 with 50 mM acetate buffer, and uric acid was determined in 100 times diluted samples.
3. Results and Discussion
3.1. Optimization of Chromatographic Conditions for Separation of Purine and Pyrimidine Bases
The choice of an appropriate pH of the mobile phase for separation of purine and pyrimidine bases on RP column is very important because of amphiprotic properties of these compounds and reactions with the solvent. As emphasized by Haunschmidt et al.18 electrolyte-solute interactions may significantly affect separation selectivity by electromigration techniques too, where degree of ionization of nucleobases is crucial for the separation mechanisms as well as the migration rate. In Table 1 the distribution of major species for some bases at different pH was calculated on the basis of data published in literature.28-30  As can be seen some of the bases do not change its predominant form markedly in the pH range between 4.0 and 5.5 (e.g. uracil, xanthine and tymine), but most of them change fraction of its protonated, neutral or deprotonated form substantially when pH was changed from 4.0 to 5.5 (or more). For example cytosine, cytidine and adenine exist at pH 4.0 predominantly in their protonated form (H3A+), and at pH 5.5 their neutral (zwitterionic) species prevail. Also uric acid (UA) change from its almost completely protonated form at pH 4.0 to fully deprotonated form HA– at pH 5.5. Because of protolytic equilibria electrostatic interactions between analytes and solvent may affect retention of these substances and can influence the quality of the chromatographic separation. 
Table 1. Distribution coefficients for nucleobase species at different pH*
	 
	pH = 4.0
	pH = 4.3
	pH = 5.5

	Base/Species
	H3A+
	H2A
	HA–
	H3A+
	H2A
	HA–
	H3A+
	H2A
	HA–

	CS
	0.799
	0.201
	0.000
	0.666
	0.334
	0.000
	0.112
	0.888
	0.000

	UR
	
	1.000
	0.000
	 
	1.000
	0.000
	
	1.000
	0.000

	CD
	0.557
	0.443
	0.000
	0.387
	0.613
	0.000
	0.038
	0.962
	0.000

	UA
	
	0.962
	0.038
	 
	0.926
	0.074
	
	0.443
	0.557

	HY
	0.006
	0.994
	0.000
	0.003
	0.997
	0.000
	0.000
	0.999
	0.001

	XA
	
	1.000
	0.000
	 
	0.999
	0.001
	
	0.990
	0.010

	TM
	
	1.000
	0.000
	 
	1.000
	0.000
	
	1.000
	0.000

	AD
	0.613
	0.387
	0.000
	0.443
	0.557
	0.000
	0.048
	0.952
	0.000

	GU
	0.008
	0.992
	0.000
	0.004
	0.996
	0.000
	0.000
	1.000
	0.000

	GUA
	0.166
	0.834
	0.000
	0.091
	0.909
	0.000
	0.006
	0.994
	0.000


*Data on thermodynamic quantities and protonation constants are taken from ref.28-30
To confirm this assumption, chromatographic separation of nine bases on RP column was performed. Chromatogram shown in Figure 1 was performed in a mixture of 50 mM phosphate buffer of different pH (4.0–5.5) with 3% of methanol (MP1). Due to the low content of methanol in the mobile phase, it was assumed that addition of MeOH to the buffer does not change pH of the hydroorganic mixture substantially.31-32 From Figure 1 it can be seen that retention of uric acid, guanosine and adenine is markedly affected by pH. At pH 5.5 peaks are quite symmetrical and narrow but the chromatographic resolution (R) was poor, and at pH 4.0 it improves substantially and all bases were separated on the base line (R > 3.6). Better separation at lower pH confirms also the number of theoretical plates N which for CS, UR and UA increased at pH 4.0 for 3000-5000. By repeated measurements in MP1 we have found that the retention times for the bases were not reproducible enough between measurements and between days. Very poor reproducibility of the retention time we observed by cytosine (CV 3.4 %) and especially by adenine (CV 11 %), where peaks are occasionally splitted thus indicating that two species of the compound coexist. 
[image: ]
Figure 1. Chromatogram of a mixture of 50 µM bases in 0.05 M phosphate buffer with 3 % (v/v) MeOH at pH a) 5.5 and b) 4.0. 
The reason for the irreproducibility of retention times lies in our opinion in the poor buffer capacity of phosphate buffer at pH below 6. Because of  dissociation constants of phosphoric acid (pKa1 2.148, pKa2 7.199), mixtures of H3PO4/H2PO4– and H2PO4–/HPO42– have good buffering properties at pH close to their pKa values, respectively. As can be seen from Figure 2, where buffer capacity of  phosphate (curve a) and acetate (curve b) buffer was calculated, H2PO4–/HPO42– buffer has a maximum capacity at pH 7.20 and cannot keep pH of the mobile phase constant enough at pH below 5.5 where optimal separation was found. To ensure constant pH and thus the degree of ionization of the nucleobases during the separation, we applied acetate buffers, which have maximal buffering strength at pH 4.76 (Figure 2, curve a) and are able to keep stable pH of the mobile phase between 3.7 and 5.7. Acetate buffers are also preferred when mass spectrometric detection was combined with the LC separation.20, 22 
[image: ]
Figure 2. Calculated buffer capacity at different pH for a) 0.10 M acetate and b) 0.05 M phosphate buffer.
As can be seen from Figure 3a, with this mobile phase MP2 a complete separation of all nine bases on the base line was achieved and the retention times did not change significantly during the subsequent measurements or between days. As seen from Figure 3 concentration of buffer also influence retention of particular substances. Increased concentration of buffer (ionic strength) decreases retention of all substances and especially of those bases with higher retention times. An exception is adenine (AD), whose retention is not influenced by buffer concentration, but it is highly sensitive to pH of mobile phase. An increase of pH from 4.0 to 4.3 increases the retention time of AD for approximately 3 minutes where it is then coeluted with guanosine. Despite of these observations pH of the mobile phase should be kept constant at pH 4.0 ± 0.1 and the total concentration of the buffer should be at least 50 mM. 
It is to be noted that concentration of MeOH content as an organic modifier in the mobile phase has also a significant influence on the retention of nucleobases. For example at 10 % (v/v) of MeOH (50 mM acetate buffer of pH 4.0), retention of all bases decreased (tr (CS) = 3.8 min, tr (GU) = 8 min), and separation of bases was not complete. When the fraction of MeOH was decreased to 2 %, the separation of nucleobases was perfect, but the retention was significantly longer and the elution of guanosine as the most retained compound, appears no sooner than at 15.5 min. As a compromise between analysis time and resolution, the content of MeOH should be 3.0 ± 0.5 % (v/v). It should be noted that the use of ammonium acetate (LC/MS/MS) instead of sodium acetate for preparation of the acetate buffer (MP3), does not influence the performances of chromatographic separation and quantification of the results.
[bookmark: _GoBack][image: ]
Figure 3. Chromatograms of nine 50 µM nucleobases in acetate buffer of pH 4.0 and 3 % MeOH of different total concentrations: a) 0.05 M, b) 0.1 M, and c) 0.2 M.
As mentioned in the Experimental section, UV detection at 254 nm was applied for detection and quantification of nucleobases. This wavelength is a compromise while all observed nucleobases dissolved in MP2 of pH 4.0, shows at least two absorption maxima in the range between 190 and 330 nm, and with the exception of guanosine, absorbance peaks at longer wavelengths (250-290 nm) are higher than by the first peaks appearing at shorter λ (210-230 nm). The measurements at 254 nm were therefore not optimal and can be further optimized when only particular substance or a group of bases with similar absorptivity were measured. Also the use of diode array detector is recommended to optimize sensitivity of particular bases in the mixture.  
3.2. Validation of Analytical Method
Since nucleobases are prone do decomposition, stability of working solutions at 50 µM level and at room temperature (22 ± 2 0C) was performed in both phosphate MP1 and acetate MP2 mobile phases. It was found that in phosphate buffer of pH 5.5 uric acid, xanthine and hypoxanthine decomposes more than 95 % in one day, and other substances degrades more than 50 % in four days. The most stable was cytidine and its concentration decreases in four days for 5 % only. Surprisingly, the stability of working solutions of particular bases and their mixture in the 0.1 M acetate buffer of pH 4 was significantly better and with the exception of guanosine, after 50 days concentration of bases decreases less than 5 % at room temperature. Guanosine decomposes more rapidly and almost linearly with time and on the chromatograms two new peaks appeared at 6.8 and 7.2 min, and the last one is higher and overlapped with hypoxanthine peak. By LC/MS/MS system in MRM mode (negative ionization) it was found that the peak at 7.2 min belongs to guanine produced from guanosine by splitting off its sugar moiety. It can be concluded that working solutions of nucleobases are stable for at least three weeks at room temperature when prepared in acetate buffer of pH 4, and when GU is also a target analyte, working solution of GU or mixture of bases should be prepared fresh daily.
The linearity, regression and linear ranges of nine nucleobases were determined using the optimized HPLC method (MP2). The correlation coefficient (R2 ≥ 0.9994) showed good correlation between concentrations of investigated compounds and peak areas within the test range (1 – 50µM). The limits of detection (LOD) and quantification (LOQ) were lower than 0.5 µM and 1 µM, respectively (Table 2).
To determine precision of the results obtained by the method, mixed working standard solutions of nine nucleobases on different level (1, 5, 10 and 50 µM) were analyzed in triplicates. As seen (Table 2) the overall performance of the elaborated procedure was quite good and was further tested by analysis of some real samples.







Table 2. Linear regression data (correlation coefficient R2, limit of detection LOD (µM), limit of quantitation LOQ (µM), and coefficient of variation CV (%)) of nine investigated nucleobases in the range between 1 and 50 µM; sample volume was 20 µL.
	Analyte
	Regression equation
Y = ax + ba
	R2
	LOD (µM)
	LOQ (µM)
	CV (%)
1 µM
	CV (%)
10 µM

	     CS
	Y = 0.176x + 0.004
	1.0000
	0.2
	0.6
	0.6
	0.9

	     UR
	Y = 0.278x – 0.072
	0.9994
	0.2
	0.5
	1.9
	1.0

	     CD
	Y = 0.214x – 0.086
	0.9994
	0.3
	0.6
	0.7
	0.3

	     UA
	Y = 0.121x – 0.039
	0.9998
	0.4
	1.0
	0.6
	2.0

	     HY
	Y = 0.293x – 0.016
	0.9999
	0.2
	0.5
	0.9
	0.2

	     XA
	Y = 0.238x – 0.032
	0.9999
	0.2
	0.6
	1.3
	0.5

	    TM
	Y = 0.234x – 0.004
	1.0000
	0.2
	0.6
	2.5
	0.6

	    AD
	Y = 0.391x – 0.090
	0.9999
	0.3
	0.6
	2.4
	0.2

	    GU
	Y = 0.366x – 0.121
	0.9999
	0.3
	0.6
	1.1
	0.5


aY denote peak area (mAU.min), and x analyte concentration (µM)
3.3. Determination of Purine and Pyrimidine Bases in Real Samples
Purine and pyrimidine bases were determined in alcoholic and nonalcoholic beer samples, saliva and urine samples of healthy volunteers. Before analysis of the samples the calibration curves in the range 1 – 50 µM were prepared for nine nucleobases. Content of bases in each sample was determined via calibration curve and with a standard addition method. As shown in Figure 4 analyzed beer sample contained beside of nine identified nucleobases, also numerous other unknown compounds. Only cytidine, xanthine, adenine and guanosine are well resolved and can be quantified reliably. Determination of other assigned nucleobases should be performed by a multiple standard addition procedure because of complexity of the matrix (Figure 4). It should be noted that analysis of beer samples are very time consuming due to a slow elution of other matrix constituents, and 40 min should be required to complete analysis.
[image: ]
Figure 4. Chromatogram of 1:20 diluted beer sample. Mobile phase was 50 mM acetate buffer of pH 4.0 and 3% (v/v) MeOH.
Saliva has become an important resource for evaluating physiological conditions in humans.33 Since salivary uric acid correlate with serum uric acid concentration it became a noninvasive biomarker of metabolic syndrome.34 In saliva just uric acid was found undoubtedly and its nice peak appeared at 6.2 min (Figure 5). The concentration of UA in this sample equals 16 µg/mL (94 µM), and the reproducibility of the measurements was quite good (CV 1.1 %). It was found that the content of UA in saliva of the same person varied between different days for about 50 %, and to acquire reliable information on its average concentration, sampling over a longer period should be performed. Concentrations of other nucleobases investigated in this work cannot be estimated in saliva and are below LOD (< 0.1 µM) of this procedure.

[image: ]
Figure 5. Chromatogram of 1:5 diluted saliva sample. Mobile phase 50 mM acetate buffer of pH 4.0 and 3% (v/v) MeOH.
From the chromatogram of urine shown in Figure 6, it can be seen that peaks for cytidine and guanosine are absent, and that all other bases are identified and can be quantified. Due to the presence of other unknown matrix components in the sample peaks for cytosine, uracil, hypoxanthine and tymine are not completely resolved and their concentration was determined by standard addition approach. 
[image: ]
Figure 6. Chromatogram of 1:5 diluted urine sample. Mobile phase 50 mM acetate buffer of pH 4.0, 3% (v/v) MeOH.
Peaks for uric acid, xanthine and adenine are well separated and can be reliably determined via calibration curve or by a standard addition procedure. High unknown peak coeluted with cytosine at 3.8 min was analyzed with LC/MS/MS detection in TIC mode and it was found that two fragments with m/z 144 and 227 (positive polarity) belong to this compound. The concentrations and the repeatability of the results for bases in urine sample are collected in Table 3. Samples were taken and analyzed in a period of two months and the average concentrations and reproducibility between run and within three subsequent measurements of the same sample are given. As mentioned in Experimental, due to high concentration of UA in urine samples determination of UA was performed in 100 times diluted samples and reproducibility was quite satisfactory (CV 1 %). Uncertainty of the analytical results of other bases was typically within run between 6 and 16 % (CV). But the variation of concentrations of nucleobases in
Table 3. Typical concentrations of nucleobases in urine samples.
	Compound
	c (µM)
	c (µg/mL)
	CV %a
	CV %b

	CS
	73
	10
	
	7.6

	UR
	40
	4
	47
	10

	UA
	3041
	511
	76
	1,0

	HY
	67
	9
	66
	16

	XA
	42
	6
	39
	6.4

	TM
	29
	4
	33
	12

	AD
	6
	0.9
	73
	14


a Inter-day variation of the concentration over two months, b Intra-day precision of single analysis in triplicate.
urine over a longer period (two months) was found to be higher as can be seen from the results in Table 3, where deviation from the average values was between 30 and 80 % (CV). For routine analysis of nucleobases in beer and urine samples, an appropriate sample clean-up procedure for elimination of major interfering matrix constituents should be applied to improve accuracy and reproducibility of the analytical results. 
4. Conclusions
Reversed-phase HPLC method with UV detection at 254 nm was optimized and applied for the separation and determination of nine nucleobases of biological importance. Purine and pyrimidine bases are ionizable compounds and concentration of their species highly depends on the pH of the mobile phase. We found that phosphate buffers frequently used in the literature for the separation of purine and pyrimidine bases on RP-HPLC systems, do not ensure repeatable separation and we applied acetate buffer instead with much better buffering capacity at desirable pH of 4.0 ± 0.1.  In the mobile phase consisting of 50 mM acetate buffer of pH 4.0 and 3 % of methanol (v/v), all nine bases were separated on the base line in less than 15 min. Response of these analytes are linear in a wide range of concentrations between the detection limits (0.5 µM) and up to more than 1 mM levels. The optimized method was applied for the determination of purine and pyrimidine bases in some beer, saliva and urine samples. The variation of nucleobases concentration in these samples over a longer period was found to be up to 10 times larger than the reproducibility of the results of a single series. To obtain reliable and accurate results for the nucleobases by analysis of clinical, food and beverage samples, more attention should be made to acquire really representative samples for the analysis.
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