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Introduction

It is estimated that noncommunicable diseases (NCDs) kill 
approximately 38 million people each year [1]. The main 
types of NCDs, also known as chronic diseases, are cardio-
vascular diseases (CVDs), cancers, chronic respiratory dis-
eases and diabetes. Among them, CVDs cause around 17.3 
million deaths per year and this number is expected to be 
more than 23.6 million by 2030 according to current esti-
mation [2].

Several risk factors, as hyperlipemia, arterial hyper-
tension, obesity or diabetes mellitus, are associated with 
CVDs. These factors act synergically, increasing the occur-
rence of CVDs. The treatment of several CVDs may include 
lifestyle changes as well as pharmacological therapy using 
drugs that have different targets and mechanisms of action 
to address the risk factors. The drugs used in cardiovascular 
pharmacotherapy are antihypertensives (including differ-
ent families of diuretics, vasodilators, cardioinhibitors and 
central sympatholytic drugs), hypolipidemic agents, antico-
agulants, antiplatelets, and hypoglucemic drugs. In order to 
tackle the different risk factors, two or more drugs of these 
different families are commonly simultaneously prescribed, 
what is known as combined cardiovascular therapy. Some 
situations that may hamper the success of the therapeutic 
treatment are inadequate prescription or dosing of medica-
tion, interactions between prescribed drugs, or poor adher-
ence to treatment. With the aim of increasing the adherence 
to treatment of the patients by simplifying the treatment 
regimens and reducing costs, fixed-dose combination medi-
cines (polypills) have been developed combining in a sin-
gle pill several drugs used in cardiovascular therapy [3, 4].

The common combination of drugs for the treatment 
or prevention of CVDs implies the necessity to develop 
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methods able to determine simultaneously several drugs 
from different families in complex matrices such as bio-
logical fluids to be applied in pharmacokinetic studies, effi-
cacy and toxicity assessment, medication adherence control 
or doping analysis. These methods should be simple, fast, 
and easy to optimize, so that they can be rapidly imple-
mented in routine analysis when necessary.

Liquid chromatography is one of the main analytical 
techniques nowadays used in the pharmaceutical industry. 
Numerous methods based on high-performance liquid chro-
matography (HPLC) have been developed for the analysis 
of cardiovascular drugs [5–8]; however, the shorter analysis 
times, less consumption of solvents and better resolution 
and sensitivity of ultra-high-performance liquid chroma-
tography (UHPLC) systems have caused an increase in the 
use of this technique [9–11].

Mass spectrometry (MS) detection is commonly the 
first choice for the analysis of complex mixtures of drugs 
[12–14], as it combines optimum sensitivity and great iden-
tification capability. However, the photometric and fluori-
metric characteristics of cardiovascular drugs make them 
excellent candidates for photometric and fluorescence 
detection.

The development of suitable analytical methods is 
indeed one of the most challenging aspects in pharma-
ceutical analysis. Although several approaches based on 
experimental design have been proposed to overcome the 
problems derived from one variable at a time (OVAT) opti-
mization procedures [15–17], the success of these alter-
natives is sill only moderate. In this work, a systematic 
approach is applied to the optimization of a method using 
an UHPLC coupled to photodiode-array (PDA) and fluo-
rescence (FLD) detectors for the determination of 11 car-
diovascular drugs in plasma: acenocoumarol (anticoagulant 
agent), amiloride (potassium-sparing diuretic), bisoprolol 
(β-blocker), fluvastatin (lipid-lowering drug), furosemide 
(loop diuretic), glibenclamide (sulfonyluric antidiabetic 
drug), hydrochlorothiazide (thiazidic diuretic), rosigli-
tazone (thiazolidinedionic antidiabetic drug), valsartan 
(ARA-II), verapamil (calcium channel blocker) and warfa-
rin (anticoagulant agent).

Plasma samples were treated with a protein precipitation 
with acetonitrile followed by a solid phase extraction pro-
cess using strong cation exchange mixed mode cartridges. 
The optimized method was validated in terms of recovery, 
selectivity, calibration range, accuracy and precision, and 
applied to the analysis of real samples. In addition, the 
robustness of the method was studied using experimental 
design.

Materials and Methods

Instrumentation

Analyses were performed on an Acquity UPLC system 
(Waters, Milford, USA), coupled to a PDA detector and a 
FLD detector. The PDA detector collected spectra from 190 
to 400 nm with a data sampling rate set to 20 points  s−1. 
The FLD detector worked with two different channels at 
the selected optimum excitation and emission wavelengths 
with a sampling rate of 2 points s−1. System control, data 
collection and data processing were accomplished using 
Empower 2 software (Waters). The chromatographic col-
umns used to perform the separation were a BEH C18, 
1.7 μm, 50 × 2.1 mm (Waters) and a Kinetex PFP 1.7 μm, 
50  ×  2.1  mm (Phenomenex, CA, USA).  Strong cation 
exchange mixed mode Strata X-C cartridges (Phenom-
enex) (30 mg/1 mL) were used for the sample treatment of 
plasma. The pH of buffer solutions was measured with a 
Crison GPL 22 pH-meter (Barcelona, Spain) equipped with 
a Crison 5209 electrode.

Chemical and Reagents

Acenocoumarol, amiloride hydrochloride, furosemide, 
rosiglitazone maleate (internal standard, IS), verapamil 
hydrochloride and warfarin were kindly provided by the 
Institute of Forensic Medicine in Freiburg (Germany). 
Sodium fluvastatin and valsartan were supplied by Novartis 
(Basel, Switzerland) and bisoprolol by Merck (Darmstad, 
Germany). Hydrochlorothiazide and glibenclamide were 
purchased from Sigma Aldrich (MO, USA). The 1000-
mg L−1 stock solutions for each compound were prepared 
in methanol (MeOH) or acetonitrile (ACN) and stored at 
4 °C.

Pro-analysis grade acetic acid, formic acid, ammonium 
acetate, ammonium formate, disodium hydrogen citrate 
sesquihydrate, trisodium citrate dehydrate, ammonium 
chloride and ammonium hydroxide from Sigma Aldrich 
were used in the preparation of the buffer solutions. Gra-
dient quality MeOH (Romil, Cambridge, USA) and ACN 
(Baker, Deventer, Netherlands) were used as organic modi-
fiers. Purified water from a Milli-Q Element A10 system 
(Millipore, MA, USA) was used in the preparation of 
buffer and reagent solutions.

Drug-free human plasma samples were purchased from 
the Blood Bank of Galdakao Hospital (Biscay, Basque 
Country) and collected in polypropylene tubes to be frozen 
at −20 °C.
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Photometric and Fluorimetric Study: Influence of pH 
on the Absorption and Fluorescence Spectra

To study the photometric and fluorimetric properties of the 
analytes a 5-mg  L−1 standard solution of each analyte in 
25:75 buffer solution:MeOH (v:v) was injected individu-
ally into the chromatographic system. The effect of the 
pH in the absorption and fluorescence spectra was studied 
using four different buffer solutions ranging from pH 2.5 
to 8.5 as aqueous mobile phases: pH 2.5 (formic/formate, 
5  mM), pH 4.5 (acetic/acetate, 5  mM), pH 6.5 (citric/cit-
rate, 5  mM) and pH 8.5 (ammonium/ammonia, 5  mM). 
MeOH was used as organic modifier. A linear gradient at a 
constant flow of 0.4 mL min−1 was used, starting from 10% 
of organic modifier to reach 95% in 3 min.

Absorption spectra were collected by the PDA detector 
from 190 to 400  nm. The optimum excitation and emis-
sion wavelengths for fluorimetric detection were obtained, 
first setting a tentative excitation wavelength (λex) from the 
absorption spectrum, and then acquiring the emission spec-
tra in a wavelength range of 70 nm starting from the λex. 
Once the optimum emission wavelength (λem) was found, 
the excitation spectrum was acquired and the optimum λex 
was selected.

Chromatographic Optimization

The most significant and most commonly optimized vari-
ables in a chromatographic separation are the pH of the 
mobile phase, the nature of the organic modifier and the 
stationary phase of the column [18]. Correspondingly, 
mobile phases buffered at three different pH values, two 
organic modifiers, and two chromatographic columns were 
tested in a systematic way in order to find the best separa-
tion method for the 11 cardiovascular drugs studied.

As in the photometric and fluorimetric study, it was 
observed that the absorption and fluorescent properties of 
some of the studies analytes depended on the pH, the work-
ing range was limited between 3.5 and 5.5, and the aqueous 
mobile phase pH values studied were 3.5, 4.5 and 5.5. An 
amount of 10% of the corresponding organic modifier was 
added to all the aqueous mobile phases in order to avoid 
bacterial growth. The organic modifiers tested as organic 
mobile phases were the most widely used in liquid chro-
matography MeOH and ACN. Finally, the influence of the 
stationary phase was studied using two columns: a C18 
BEH column (one of the most common chromatographic 
columns used in the analysis of cardiovascular drugs) [10] 
with a retention mechanism based on hydrophobic inter-
actions, and a PFP (pentafluorophenyl) column that, in 
addition to the hydrophobic interactions, includes other 
retention mechanisms (aromatic interaction, dipole–dipole 
interaction and hydrogen bonding).

All these variables were systematically studied carrying 
out the 12 possible combinations of experiments. For this 
aim, 5 µL of a standard solution in 75:25 aqueous mobile 
phase:MeOH (v:v) containing 5  mg  L−1 of each analyte 
was repeatedly injected. Two different gradients were 
applied depending on the organic modifier: from 10 to 95% 
of organic mobile phase in 5 min when MeOH was used, 
and from 10 to 90% in 5 min when using ACN, in order to 
compensate the higher eluotropic strength of this solvent. 
The flow was kept at 0.4 mL min−1 and the highest propor-
tion of organic solvent was held for 1 min before returning 
to the initial conditions for column cleaning purposes.

After carrying out these experiments, the most suitable 
combination of organic modifier, stationary phase and pH 
was chosen, using as selection criteria the peak resolution 
of the adjacent chromatographic peaks.

Once the optimum values for the most significant varia-
bles were fixed, the gradient was segmented in 2-min steps 
and the slope was optimized in each step to maximize the 
separation. Moreover, the best reconstitution solution and 
injection volume were studied. Standard samples contain-
ing 1  µg of each compound were evaporated to dryness 
under a stream of N2 and reconstituted to 200 µL with pro-
portions of aqueous mobile phase:MeOH (v:v) ranging 
from 100:0 to 0:100. To optimize the injection volume, 2.5, 
5.0 and 7.5 µL were tested.

Sample Treatment

A previously optimized solid phase extraction (SPE) pro-
cess was used for the treatment of plasma samples. An 
amount of 500 μL of human plasma sample spiked with 
25 μL of a 20-mg L−1 rosiglitazone methanolic solution as 
IS was transferred to a 2-mL Eppendorf tube. To promote 
protein precipitation, 725 μL of acetonitrile were added 
to the sample. After vortex mixing and centrifugation 
for 5  min at 10,000  rpm and 20  °C, the supernatant was 
transferred to a 6-mL glass tube and the excess or organic 
solvent was evaporated at 60 °C under a stream of N2 for 
5 min. Next, 500 μL of a 0.1% formic acid solution were 
added to the resulting solution, which was vortex-mixed 
and transferred to a strong cation mixed mode Strata X-C 
cartridge, previously activated and conditioned with 1 mL 
of MeOH and 1 mL of a 0.1% formic acid solution, respec-
tively. After the addition of the sample, the cartridge was 
washed with 500 μL of a 0.1% formic acid solution con-
taining 3.4% of MeOH. The analytes were eluted using 
2.5 mL of a methanolic solution of ammonium hydroxide 
(2.2%). The eluent was collected in a glass tube and evapo-
rated to dryness at 60 °C under a stream of N2. The resi-
due was reconstituted with 500 μL of a solution of aque-
ous phase:methanol (55:45), vortex mixed, filtered with 
GHP filters (hydrophilic polypropylene, 0.2 µm, 13 mm Ø) 
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supplied by PALL (Ann Arbor, MI, USA), transferred to 
chromatographic vials and injected into the UHPLC system 
for analysis.

Validation

The recovery, calibration range, accuracy, precision and 
selectivity of the method were validated following an in-
house validation protocol based on FDA and EMA guide-
lines [19, 20]. Moreover, the robustness of the chromato-
graphic separation was thoroughly studied by means of 
experimental design.

Recovery, Calibration Range, Accuracy, Precision, 
and Selectivity

To assess the recovery, blank plasma samples were spiked 
with the analytes at 1  mg  L−1 concentration before and 
after the extraction by SPE. Recovery was calculated as the 
ratio of the response for the analyte in the sample prior to 
extraction (n = 5) and after the extraction (n = 5).

Calibration curves for the different analytes were built 
in the range 0.04–5 mg L−1 (n = 9) using multi-component 
standard solutions by plotting the peak area of each analyte 
divided by the area of the IS (Aanalyte/AIS) against its nomi-
nal concentration. Calibration standards were prepared in 
drug-free human plasma and were analyzed in triplicate for 
each concentration level on 3 different days. Their concen-
tration value was obtained from interpolation of the result-
ing corrected area in the regression equation of the calibra-
tion curve.

Accuracy was expressed as relative error (%RE) cal-
culated as the deviation of the mean concentration value 
obtained from the replicates of each calibration point 
from their nominal concentration value. Intra- and inter-
day precision was expressed as relative standard deviation 
(%RSD) among replicates. The lowest concentration cali-
bration standard that fulfilled the accuracy and precision 
criteria of %RE and %RSD <20% was considered to be the 
lowest limit of quantitation (LLOQ) and the first point of 
the calibration range. For the rest of calibration points, the 
acceptance criterion for accuracy and precision was %RE 
and %RSD <15%.

Selectivity of the method was evaluated by comparing 
the responses of six blank plasma samples obtained from 
healthy volunteers against a sample at the LLOQ, with ref-
erence to potential endogenous and environmental interfer-
ences. To consider the method selective, the signal in the 
blank plasma must be lower than 20% the response of the 
analytes under study and in the case of the IS lower than 
5% of the area obtained at the concentration used.

Robustness of the Chromatographic Separation

Experimental design was used to study the effect of 
slight variations of the studied variables that may have a 
significant influence on the separation: pH of the aque-
ous mobile phase, temperature of the column, flow rate, 
reconstitution solution composition and percentage of 
organic modifier in aqueous mobile phase. For this pur-
pose, a fractional factorial design (resolution V) was 
employed using The Unscrambler software (CAMO, 
Oslo, Norway) for data treatment [21].

The uncertainty given by the pH meter, column oven, 
pumping system and volumetric material were used to 
establish the range of variation of the studied variables 
[22–24]. Applying the coefficient for extreme levels (k) 
to the calculated uncertainty, the whole expected range of 
variation was covered. The coefficients for extreme levels 
and the working ranges are gathered in Table 1.

Peak resolution of the most critical separations—vera-
pamil-rosiglitazone, acenocoumarol-valsartan and val-
sartan-warfarin—were used as response variables. Also, 
peak width of the early eluting analytes hydrochlorothi-
azide and amiloride, and peak area of more non polar 
analytes glibenclamide and fluvastatin, were included 
as response variables, as variations in the reconstitu-
tion solution composition may affect the peak shape of 
the early eluting analytes and the dissolution of the most 
non-polar analytes.

An eight-experiment (25−2) fractional factorial design 
with three central samples was built. The responses 
obtained from these experiments were statistically treated 
by analysis of variance (ANOVA) to check which of the 
studied variables have a significant effect.

Analysis of Real Samples

Blood samples were collected from different patients 
under treatment with at least one of the analyzed drugs or 
a combination of them. These patients were also treated 
with other co-administered drugs. Blood samples were 
immediately transferred into tubes containing EDTA. 

Table 1   Uncertainty of the variables and studied range

a  Calculated by error propagation

Variable Optimum Uncertainty k Range

pH 4.50 ±0.01 5 4.50 ± 0.05

Column T (°C) 30 ±1 3 30 ± 3

Flow rate (mL min−1) 0.40 ±1% 5 0.40 ± 0.02

MeOH in reconstitution 
(%)

45.00 ±0.25a 5 45.00 ± 1.25

MeOH in aqueous phase 
(%)

10.00 ±0.01a 50 10.0 ± 0.5
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Then, they were centrifuged at 1.301g for 10 min at 4 °C. 
The plasma supernatant was carefully separated from 
blood cells and collected in polypropylene tubes to be 
frozen at −20 °C until analysis. The analysis was carried 
out as explained in “Sample Treatment”.

Results

Photometric and Fluorimetric Study

Among the studied compounds, none of them showed a 
significant absorption dependence on pH. However, it was 
observed that the fluorescence of some analytes depended 
on pH: furosemide and valsartan were not fluorescent at 
either pH 6.5 or 8.5, while rosiglitazone was not fluores-
cent at pH 2.5. Therefore, the working range for the mobile 
phase was set between pH 3.5 and 5.5. Acenocoumarol and 
hydrochlorothiazide were not fluorescent at any pH value; 
thus, they can be only analyzed photometrically. For glib-
enclamide, the fluorescence observed was very weak, the 
PDA detection being more sensitive.

The optimum λex and λem obtained for fluorimetric anal-
ysis together with the absorption maxima wavelengths for 
photometric analysis are collected in Table 2.

Chromatographic Optimization

The chromatograms obtained with the 12 possible combi-
nations of experiments are gathered in Figs. 1 and 2. Using 
the PFP column (Fig.  1), both verapamil and bisoprolol 
were strongly retained, and, when using MeOH as organic 
modifier, none of these analytes eluted from the column in 
the time of the analysis. When ACN was used, verapamil 
eluted extremely late when using pH 5.5 and pH 3.5, and 

it did not elute at pH 4.5. Also, bisoprolol eluted at late 
times of analysis and, in addition, its chromatographic peak 
shape was broad and asymmetric.

Contrastingly, the BEH C18 column (Fig.  2) was able 
to properly retain all the compounds of interest in the pro-
posed time of analysis; thus, it was chosen as the appropri-
ate column for this chromatographic analysis.

Observing all the separations obtained using the BEH 
C18 column, those performed with MeOH as organic mod-
ifier showed better resolution than the ones obtained using 
ACN. Among them, pH 4.5 is the only pH value at which 
none of the compounds coelute. Thus, the best chromato-
graphic separation obtained, in terms of resolution, was 
the one corresponding to the BEH C18 column, MeOH as 
organic modifier, and pH 4.5 buffer solution as aqueous 
mobile phase.

The optimum gradient consisted in a linear increase of 
MeOH from 10 to 40% in the first 2 min, increasing to 60% 
in the next 2 min and finally increasing to 95% in the last 
2 min, to a total time of 6 min. Then, 95% MeOH was hold 
for 1 min in order to clean the column before returning to 
initial conditions. Under these conditions, the 11 drugs 
were separated in less than 6 min with a total run time of 
8.5 min.

It was observed that at low MeOH proportions in the 
reconstitution solution glibenclamide and fluvastatin, the 
most non-polar analytes, presented a weak signal, probably 
due to their poor solubility in a highly polar environment. 
On the other hand, for high concentrations of MeOH, the 
chromatographic peaks of hydrochlorothiazide and ami-
loride, early eluting analytes, became broader and lost 
symmetry because of the difference between the eluotropic 
strength of the sample solution and the starting conditions 
of the gradient (Fig. 3). The shape of these peaks was also 
affected by the injection volume, as an increase in the injec-
tion volume resulted in an increase of the amount of MeOH 
injected with the analytes. The best chromatographic per-
formance, avoiding both symmetry and intensity problems, 
was achieved using a 55:45 aqueous mobile phase:MeOH 
(v:v) reconstitution solution and a 2.5-µL injection vol-
ume. In Fig. 4, the PDA and fluorescence chromatograms 
obtained with the optimized conditions can be observed.

Validation

Recovery, Calibration Range, Accuracy, Precision, 
and Selectivity

All the analytes showed an acceptable recovery above 75% 
except amiloride (Table  3), whose poor recovery may be 
due to the strong interaction with the stationary phase of 
the cartridge.

Table 2   Absorption maxima (Abs), excitation (λex) and emission 
(λem) wavelengths for the chromatographic analysis

Absorption wavelengths chosen for the PDA analysis in bold 

Analyte Abs (nm) λex (nm) λem (nm)

Acenocumarol 285, 304 – –

Amiloride 212, 256, 362 363 415

Bisoprolol 225, 272 225 305

Fluvastatin 235, 305 307 390

Furosemide 230, 276, 332 235 398

Glibenclamide 230, 301 305 354

Hydrochlorothiazide 224, 271, 317 – –

Rosiglitazone 241, 315 309 365

Valsartan 254 237 371

Verapamil 230, 279 226 307

Warfarin 282, 306 309 378
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The calibration ranges for each of the analytes are col-
lected in Table 3. Intra- and inter-day accuracy and preci-
sion %RE and %RSD values for the calibration standards 
were below the acceptance limits for both the LLOQ (%RE 
and %RSD <20%) and the rest of the calibration points 
(%RE and %RSD <15%). The analyzed blank plasmas 
presented peak area values lower than 20% of the LLOQ 
areas at the analytes retention times, and lower than 5% of 
the IS area at its corresponding retention time. Representa-
tive chromatograms obtained from a blank human plasma 
and a plasma spiked with 0.3 mg L−1 of each analyte, and 
1 mg L−1 of the IS are shown in Fig. 5.

Robustness of the Method

From the analysis of effects obtained for a confidence level 
of 95%, it was evidenced the influence of the pH on the 
resolution of rosiglitazone and verapamil. A negative effect 
of pH was observed, meaning that the resolution decreases 
with the pH increase, due to the low polarity of rosiglita-
zone at high pH values. As a consequence of this change 
in polarity, the retention time of rosiglitazone gets closer to 
verapamil, diminishing the resolution between them.

Moreover, the composition of the organic phase in the 
reconstitution solution has a significant positive effect 
on the area of glibenclamide and fluvastatin. The area of 
these analytes increases with the increase in MeOH pro-
portion until reaching  45%, when the response of both 
analytes stabilizes. Thus, the proportion of MeOH was 
kept at 45%, taking into account that an increase over this 
value would affect the shape of hydrochlorothiazide and 
amiloride.

Analysis of Real Samples

The developed method was applied to plasma samples 
obtained from patients under cardiovascular treatment 
with acenocoumarol, furosemide, valsartan or a combi-
nation of them. Drug plasma concentration values calcu-
lated for clinical samples were obtained by interpolation 
from the calibration curve. A chromatogram correspond-
ing to each one of the detected analytes is shown in 
Fig. 6. No interferences between analytes and co-admin-
istered drugs were observed which demonstrates the high 
selectivity of the proposed method.

Fig. 1   Chromatograms obtained with the PFP column at different pH 
values using a methanol or b acetonitrile as organic modifier for a 
5-mg L−1 standard solution containing hydrochlorothiazide (1), ami-

loride (2), furosemide (3), bisoprolol (4), rosiglitazone (5) verapamil 
(6), acenocoumarol (7), valsartan (8), warfarin (9), glibenclamide 
(10) and fluvastatin (11) at the working wavelength of 230 nm
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Discussion

The use of combined cardiovascular therapy requires the 
development of reliable analytical methods for the quantifi-
cation of complex mixtures of drugs in biological matrices. 
Here, a straightforward method has been developed for the 
quantification of some of the most prescribed cardiovas-
cular drugs using a UHPLC–PDA–FLD system. Method 

optimization is an essential step in the pursuance of a suit-
able quantification method, but usually the time that can 
be invested in this process is limited. The pharmaceutical 
industry, as well as the clinical practice, demands methods 
that can be developed in a fast, easy and simple way. Usu-
ally, in many research laboratories, optimization processes 
are based on previously developed methods or are carried 
out following OVAT strategies [25, 26]. These can be con-
venient alternatives, especially if the chromatographic sys-
tem is coupled to a very selective detector such as a mass 
spectrometer. However, when the detector is less selective 
(UV, diode array, etc.) and a complete chromatographic sep-
aration is required, those options can be tedious and time-
consuming. Furthermore, as interactions among variables 
are not considered, the obtained results may not be the most 
advantageous [21]. Experimental design is a very useful 
alternative to OVAT approaches that takes into considera-
tion the different influential variables and their interactions, 
and it has proved to be suitable for the optimization of liq-
uid chromatographic separations [15–17]. Nevertheless, the 
application of experimental design to method optimization 
presents some difficulties that make some researchers reluc-
tant to use it: it requires previous information on the behav-
iour of the analytes to fix the limits of the domain, specific 

Fig. 2   Chromatograms obtained with BEH C18 column at different 
pH values using a methanol or b acetonitrile as organic modifier for a 
5-mg L−1 standard solution containing hydrochlorothiazide (1), ami-

loride (2), furosemide (3), bisoprolol (4), rosiglitazone (5) verapamil 
(6), acenocoumarol (7), valsartan (8), warfarin (9), glibenclamide 
(10) and fluvastatin (11) at the working wavelength of 230 nm

Fig. 3   Effect of methanol percentage of reconstitution solution on 
the chromatographic separation: 20% (red), 45% (blue) and 80% 
(black)
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software and advanced knowledge of statistics, since data 
interpretation can be misleading, especially if not all the 
experiments have been carried out properly.

An alternative to these optimization strategies has been 
applied in this study, following a systematic approach that 
at the same time takes into account the most important 
variables in liquid chromatography: the pH of the mobile 
phase, the nature of the organic modifier and the stationary 
phase of the chromatographic column.

The application of this procedure for the analysis of the 
different families of cardiovascular drugs reduces the time 
required for method development and optimization without 
requiring complex experimental designs and data process-
ing. The proposed systematic approach proved to be an 
ideal tool for the optimization of complex chromatographic 
separation.

This optimization approach can be applied to differ-
ent drugs and chromatographic techniques. Anyway, the 
working procedure must be carefully selected in each 
case. For example, if none of the variable combinations 
assessed offers a suitable separation, different columns or 
mobile phases should be taken into consideration.

Fig. 4   PDA (a) and two-chan-
nel fluorescence (b) chromato-
grams obtained for a 5-mg L−1 
standard solution under opti-
mized conditions. Hydrochlo-
rothiazide (1), amiloride (2), 
furosemide (3), bisoprolol (4), 
rosiglitazone (5) verapamil (6), 
acenocoumarol (7), valsartan 
(8), warfarin (9), glibenclamide 
(10) and fluvastatin (11)

Table 3   Calibration range, coefficient of determination (r2) and 
recoveries for the studied analytes

Analyte Calibration range 
(mg L−1)

r2 Recovery (%)

Hydrochlorothiazide 0.30–5.00 0.982 95 ± 5

Amiloride 0.08–2.50 0.999 51 ± 2

Furosemide 0.30–5.00 0.996 77 ± 3

Bisoprolol 0.08–2.50 0.999 92 ± 4

Verapamil 0.04–1.25 0.998 84 ± 4

Acenocoumarol 0.08–2.50 0.999 76 ± 3

Valsartan 0.30–5.00 0.996 86 ± 3

Warfarin 0.30–5.00 0.999 90 ± 5

Glibenclamide 0.08–2.50 0.999 84 ± 5

Fluvastatin 0.08–2.50 0.992 82 ± 8
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This systematic approach, halfway between the tradi-
tional OVAT optimization and the experimental design, 
may not offer the total simplicity of the first one nor the 
immense information of the second one, but has proved 
to be a very useful alternative for method development.  

Here, it has been successfully applied to the development 
of a quantitative method for the analysis of 11 cardio-
vascular drugs using UHPLC–PDA–FLD, an analytical 
technique that requires the complete chromatographic 
separation of the analytes. This method has proved to be 

Fig. 5   PDA (a) and fluores-
cence (b, c) chromatograms 
obtained for a blank plasma 
sample (gray) and a 0.3-mg L−1 
spiked plasma sample (black) 
under optimized conditions and 
treated as explained in point 
2.5. Hydrochlorothiazide (1), 
amiloride (2), furosemide (3), 
bisoprolol (4), rosiglitazone (5) 
verapamil (6), acenocoumarol 
(7), valsartan (8), warfarin (9), 
glibenclamide (10) and fluvas-
tatin (11)
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adequate for its purpose, fulfilling the accuracy, precision, 
and selectivity requirements for the validation of bioana-
lytical techniques. During the validation step, the robust-
ness of the method, a traditionally overlooked parameter, 
has been thoroughly studied, showing the importance of 
carefully controlling small changes in the variables that 
are critical during the optimization step in order to avoid 
undesired effects on the chromatographic separation. 
Finally, the method has been applied to samples obtained 
from patients under cardiovascular treatment demonstrat-
ing that it can be used to quantify the analytes of interest 
in real samples.
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