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Abstract: A fast and sensitive ultra-high performance liquid chromatography-photodiode array
(UHPLC-PDA) method for simultaneous quantification of oleanolic acid (OA) and ursolic acid
(UA) in plant materials was developed. A central composite design combined with a response
surface methodology was utilized to establish optimal separation conditions. The final separation
was accomplished on a Zorbax Eclipse XDB-C18 column (1.8 µm, 100 mm × 3 mm I.D., Agilent,
Santa Clara, CA, USA) using a mixture 90:10 (v/v) of methanol and 1% (w/v) aqueous orthophosporic
acid as a mobile phase at a flow rate of 0.44 mL/min and temperature of 18 ◦C. The analysis was
completed in 6.2 min with satisfactory resolution of 1.5 between the target analytes. The developed
method proved to be precise (relative standard deviations below 3.2%), accurate (recoveries in the
range of 95.27%–98.60%), and sensitive (limits of detection (LODs) in the range of 0.047–0.051 mg/mL).
The method was then successfully applied to evaluate OA and UA content in real samples of selected
Ericaceae plant materials (leaves of Arctostaphylos uva ursi, Vaccinium myrtillus, Vaccinium vitis idaea,
Gaultheria procumbens). The content of OA and UA in investigated samples varied in the range of
0.74–4.47 mg/g dry weight (dw) and 1.30–18.61 mg/g dw, respectively.

Keywords: oleanolic acid; ursolic acid; response surface methodology; Ericaceae; Vaccinium vitis idaea;
Vaccinium myrtillus; Arctostaphylos uva ursi; Gaultheria procumbens; triterpenoic acids

1. Introduction

Oleanolic acid (3β-3-hydroxyolean-12-en-28-oic acid, OA) and ursolic acid (3β-3-hydroxyurs-
12-en-28-oic acid, UA) are two isomeric pentacyclic triterpenes (Figure 1) that are ubiquitous
constituents of various medicinal and dietary plants [1]. Numerous studies have demonstrated
their versatile biological properties with anti-inflammatory activity being the most important from
phytotherapeutic point of view. As the underlying mechanism of this action, the suppression of
immune cells and cytokines (TNF-α, IL-12, IL-6, interferon-γ) production either via inhibition of
pro-inflammatory enzymes (elastase, cyclooxygenases, lipoxygenases, nitric oxide synthase) and
NF-κB-regulated genes expression or direct cytokine receptor interactions has been proposed [1,2].
Recently, the potent antimicrobial activity of both compounds has also been demonstrated towards
various bacterial strains including Escherichia coli—a common pathogen of urinary tract infection [3].
OA and UA were found to modulate bacterial resistance to some antibiotics and produce in
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combination with them synergistic antibacterial effect [4]. Other biological properties attributed to
OA and UA include anti-proliferative, anti-cancer, anti-mutagenic, anti-leukemic, anti-atherosclerotic,
anti-hypertensive, hepatoprotective, and antioxidant activities [1,5,6]. The presence of OA and UA in
plant materials is, therefore, regarded as beneficial for human health.
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Figure 1. Molecular structures of ursolic acid (UA) and oleanolic acid (OA).

Ericaceae is a large family of flowering plants comprising over 4000 species of great morphological
and ecological diversity, and with almost worldwide distribution [7]. Many of its members have
found use in numerous countries as traditional herbal medicinal products applied routinely in
over-the-counter (OTC) drugs and dietary supplements in the treatment of bacterial infections or
inflammatory ailments, especially urinary tract disorders. Triterpenes are important active constituents
of Ericaceae species, and OA and UA often comprise the major part of the lipophilic fractions in these
plants. Considering the proven biological activity of both acids, which closely corresponds with the
range of the medical application of Ericaceae plant materials, the determination of their content might
be of particular interest as far as the standardisation of these plant materials is concerned [8]. Therefore,
there is a persistent interest in the development of fast, selective, and sensitive analytical methods
allowing separation and reliable simultaneous quantification of the two analytes.

There are several different approaches reported recently for quantification of OA and
UA in plant materials including thin-layer chromatography [9], gas chromatography [10],
capillary electrophoresis [11], high-performance liquid chromatography (HPLC), supercritical
fluid chromatography [12], micellar electrokinetic chromatography [13], and nuclear magnetic
resonance [14]. HPLC is, by far, the most frequently used technique in standardisation studies,
mainly because of the high flexibility and relatively good ratio between the analytical performance and
maintenance costs. However, when it comes to separation of OA and UA, the conventional RP-HPLC
analysis is often problematic and some major issues arise during the assays. The close structural
similarity of both compounds, manifested in similar log P (logarithm of the octanol/water partition
coefficient) values (6.468 and 6.427, respectively) [15], makes them particularly difficult to separate
which results in co-elution or only partial separation of the critical peaks. Although some significant
effects of organic solvents and pH of the mobile phase on selectivity have been reported [16], the
stationary phase efficiency is believed to be the most important factor determining the resolution of
the overlapping bands of native acids. Subsequently, even for relatively simple plant matrices, the use
of long chromatographic columns and analysis time of over 15 min, and sometimes over 30 min, are
usually required for satisfactory separation [15–19]. As most of the methods utilize HPLC equipment
with ultraviolet (UV) detectors, reduced sensitivity may be also an issue, as triterpenes, in general,
exhibit low absorption of ultraviolet light. To address these problems various methods have been
applied. Adding of separation facilitating substances, like cyclodextrins [20,21], might improve the
resolution, as might pre-column derivation [17,22–24], which is sometimes used as a solution for
low sensitivity. Better limits of detection may be also achieved with detectors other than UV, e.g.,
evaporative light scattering (ELS) or mass selective (MS) detectors [23–26]. However, these techniques
increase the complication of procedures (additional, time-consuming steps in sample preparation) and
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their costs (special chemicals and/or solvents) and, therefore, they might not be suitable for routine,
commercial standardisation tests.

Over the past decade, there has been tremendous interest in approaches to speed up and increase
the resolving power of the chromatographic separation, particularly with the development of columns
packed with porous sub-2-µm particles used in very high pressure conditions (namely UHPLC, for
ultra-high performance liquid chromatography). The UHPLC technique is quickly gaining significance
in many areas of pharmaceutical industry, including the standardisation of natural products. It takes
full advantage of chromatographic principles with superior sensitivity, efficiency and resolution
at reduced solvent consumption [27]. Considering these advantages, it might become a suitable
alternative to HPLC, especially for analysis of structural isomers. There is, however, only one
previous report presenting the use of UHPLC for separation and quantification of OA and UA [28].
Despite the separation of both analytes has been achieved in a relatively short time of 7.2 min, the basic
rules of HPLC-to-UPLC method transfer suggest that further improvement might be expected [29].
Optimisation of the (U)HPLC separation is a complex process influenced by numerous factors, such as
mobile phase composition, flow rate, column temperature, detector wavelength, etc. The traditional
optimisation approach, applied in all previous works for the separation of OA and UA based on trial
and errors methodologies, which are hardly efficient, time-consuming, and may not be able to find the
optimal conditions [30]. These could be identified by the use of systematic experimental design and
statistically-assisted construction of a response function describing relationships between the process
variables and their interactions and performance parameters of the chromatographic separation [31].

Thus, the objective of this study was to present the first-time application of multivariate statistical
techniques in order to develop a simple, fast, sensitive and fully validated ultra-high performance
liquid chromatography-photodiode array (UHPLC-PDA) method suitable for routine standardisation
of Ericaceae plant materials in terms of OA and UA content.

2. Materials and Methods

2.1. Chemicals and Standards

All chemicals used in UHPLC analyses, including methanol (Avantor Performance Materials,
Gliwice, Poland), water, and 85% (w/w) orthophosphoric acid (Merck, Darmstadt, Germany), were of
HPLC-grade. Solvents used in extraction of plant materials (Avantor Performance Materials, Gliwice,
Poland) were of analytical grade. Reference standards of OA and UA of HPLC-grade (98% and 95%
purity, respectively) were obtained from Sigma-Aldrich (St Louis, MO, USA).

2.2. UHPLC Equipment

UHPLC analyses were carried out on an Agilent 1290 Infinity chromatograph (Agilent
Technologies, Santa Clara, CA, USA) equipped with a photodiode array detector (PDA), thermostat
and autosampler. The column used in the separation was Zorbax Eclipse XDB-C18 column (1.8 µm,
100 mm × 3.0 mm I.D.; Agilent Technologies, Santa Clara, CA, USA). The mixture 90:10 (v/v) of
methanol and 1% (w/v) aqueous orthophosphoric acid was used as the mobile phase for isocratic
elution. The injection volume was 3 µL. The flow rate and the temperature of the analysis were
optimised as described below to the values of 0.44 mL/min and 18 ◦C, respectively. For quantitative
purpose, the analytes were monitored at 215 nm. The investigated compounds were identified by
comparison of their retention times and UV spectra with that of reference standards.

2.3. Plant Material and Sample Preparation

Commercial leaf samples of Arctostaphylos uva ursi (L.) Spreng., Vaccinium vitis idaea L., and
Vaccinium myrtillus L. were purchased in 2014 from Flos, Herb Confectioning Company (Mokrsko,
Poland). Leaves of Gaultheria procumbens L. were collected in October 2014 in the nursery-garden of
Ericaceae plants (Gospodarstwo Szkolkarskie Jan Cieplucha, Konstantynow Lodzki, Poland; 51◦44′N,
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19◦18′E) and air-dried under normal conditions. Authentication of the samples was performed by the
authors. Voucher specimens were deposited in the herbarium of the Department of Pharmacognosy,
Medical University of Lodz, Lodz, Poland. Prior to the analysis, the plant samples were powdered
using an electric grinder (Eldom, Katowice, Poland), sieved through a 0.315-mm sieve, and stored in
airtight containers at ambient temperature and in darkness until used.

An accurately weighted sample of the plant material (300 mg) was sequentially refluxed twice
for 30 min with 30 mL of chloroform, and finally for another 30 min with 30 mL of the mixture of
chloroform-methanol (1:1, v/v). The obtained extracts were combined and evaporated to dryness under
vacuum. The residue was dissolved in 4 mL of chloroform-methanol (1:1, v/v), diluted with methanol
to 10 mL (to 25 mL for A. uvae ursi leaf), filtered through the syringe filter (25 mm, 0.2 µm, Vitrum,
Praha, Czech Republic) and directly subjected to the UHPLC system (3 µL). Determinations were
performed after three separate extractions of each sample, and each extract was injected in duplicate.

An alternative method of extraction was also used in which the plant material was first defatted
by pre-extraction with n-hexane (30 mL, 20 min of heating reflux) to remove waxes (after filtration, the
hexane extract was discarded) and subsequently extracted and analysed as described above.

2.4. Experimental Design and Data Treatment

The optimisation tests were carried out using a solution of standards containing equal amounts
of OA and UA (50 µg/mL each). A central composite design was used to investigate the effects
of two independent variables—temperature (T) and flow rate (FR)—on the separation process.
The independent variables were coded on five different levels (−1.41, −1, 0, 1, 1.41), using preliminary
experimental data as guidance to set the ranges of the factors. The complete design consisted of
13 experimental points, including five replications of the central point (all variables coded as zero).
The behaviour of the system was described by the following second-degree polynomial equation:

Y = β0 + βiXi + βjXj + βiiX
2
i + βjjX

2
j + βijXiXj (1)

where Y is a response, β0 is a constant coefficient, βi and βj are linear coefficients, βii and βjj are
quadratic coefficients, βij is interaction coefficient, and Xi and Xj are coded values of the independent
variables [31]. Three responses Y1–3 were considered, including the separation time (Y1, ST) understood
as the retention time of the latest peak (UA), the resolution (Y2, Rs) between the adjacent bands of OA
and UA, and a combined response (Y3, D) described by the overall desirability function according to
Derringer and Suich [32]:

D = (d1d2)
1
2 (2)

where d1 and d2 correspond to individual desirability function for each response:

d1 =


0 ST > 8

8− ST
3

5 < ST < 8

1 ST < 5

(3)

d2 =


0 Rs < 1.3

Rs− 1.3
0.4

1.3 < Rs < 1.7

1 Rs > 1.7

(4)

The resolution (Rs) was calculated using the following equation:

Rs = 2.0× t1 − t2

w2 − w1
(5)
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in which t1 and t2 are retention times, and (w2 + w1) is a sum of peak widths at baseline between
tangents lines drawn at 50% peak height. The statistical analysis of the data and development of
regression equations between the process variables and analytical responses were performed using the
software Statistica 12.0 PL (Statsoft, Kraków, Poland, 2015). According to the experimental data, the
fitting models were constructed and the statistical significance of the model terms were examined by
regression analysis and analysis of variance (ANOVA, α = 0.05).

2.5. Validation of the Method

The analytical method was validated by determination of the selectivity, linearity, precision,
accuracy and stability of each analyte, according to the International Council for Harmonisation (ICH)
Guidance for Industry [33].

The standard stock solution containing a mixture of the reference compounds was prepared in
triplicate in methanol and serially diluted (in two replicates) with the same solvent to six concentration
levels (1%, 10%, 25%, 50%, 75% and 100% of the stock concentration) within the range of approximately
1.5–150 µg/mL for OA and 3.0–325.0 µg/mL for UA. Each sample was injected twice into the UHPLC
system. Calibration tests were run at the beginning, midpoint, and the end of the analytical tests.
Calibration graphs were constructed by plotting the mean peak area versus concentration. Linearity of
the calibration curves was tested using two linear regression models (y = ax + b; y = ax), and the F- and
t-tests were applied to check statistical significance of the regression equations, slopes, and intercepts
at the 99% confidence level. The residuals from linear regression models were tested ex post to check
the validity of the assumptions of normality, independence, and homoscedasticity of the response
variables. The possible matrix effects were evaluated by constructing the sensitivity plots for the
standards dissolved in the real leaf samples exhibiting the most complicated matrices, i.e., the samples
of V. myrtillus and G. procumbens. Concentration ranges of the added standards were the same as those
used for calibration. Statistical differences between the slopes of the matrix-matched linear regression
equations and the calibration curves were tested by the Tukey’s HSD (honest significant difference)
test at the 95% confidence level. The limit of detection (LOD) and limit of quantitation (LOQ) values
were estimated from the standard solution diluted with methanol to provide serial solutions with
their concentrations decreasing to the smallest detectable peaks. The LODs were accepted with the
3-signal-to-noise (S/N) ratio, while the LOQs were accepted if the relative standard deviation (RSD)
values for peak area were less than 15% for both intraday and inter-day variability with S/N ratio
greater than 10, according to Corley [34].

The measurement of intra- and inter-day variabilities was used to determine the precision of the
method. The assessments were performed in triplicate using standard solution at two concentration
levels and the real leaf sample of A. uva ursi. The replicate solutions were injected twice and the RSD
values were calculated for both retention time and concentration, and considered as a measure of
precision. The repeatability (intra-day variability) was determined by analysing each sample within
24 h, while the reproducibility (inter-day variability) was measured on three non-consecutive days.

The accuracy of the method was tested in the leaf extract of G. procumbens by means of the
standard addition/recovery procedure at three different concentration levels corresponding to the
whole analytical range investigated. The samples were prepared in triplicate according to the procedure
described above (Section 2.3) with the standards being added to the plant material prior to the
extraction. The replicate samples were injected twice, and the accuracy was evaluated by calculating
the mean recovery of the analytes from the spiked extracts versus the non-spiked samples.

3. Results and Discussion

3.1. Selection of Extraction Solvent

Selection of extraction solvent is a crucial aspect of plant analysis. Optimal solvent must ensure
quantitative extraction of target analytes but, at the same time, it should be sufficiently selective to avoid
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excessive extraction of other groups of compounds that might interfere with the analytical process.
It is especially important in UHPLC, where columns with relatively low capacities are used. In the
case of Ericaceae plant materials the interference might come from two different sources. The lipoidal
substances (waxes, fatty acids, etc.), easily extractable with lipophilic solvents, like n-hexane and
chloroform, are not easily washed from the column even with solvents of high eluotropic strength
and may cause plugging problems, increasing the pressure, and shortening the column life. On the
other hand, high concentrations of polyphenols present in polar extracts are likely to result in column
overload causing peak broadening, decreasing the resolution and efficiency.

Basing on some previous reports considering the solubility of OA and UA and their
mixtures [35,36], a couple of easily accessible solvents suitable for reflux extraction were selected
(n-hexane, chloroform, methanol, n-butanol), and tested in terms of extraction efficiency. To this
end, the leaves of A. uva ursi were extracted with every solvent thrice and the obtained extracts
were combined. The content of both target analytes as well as total polyphenolic content (TPC) was
determined (as described previously [37]) for all extracts. Hexane proved to be least efficient for OA
and UA extraction, which is consistent with the studies carried out by Schneider et al. [36], where the
mixture of OA and UA was only scarcely soluble in this solvent. No statistical differences were found
between chloroform, methanol, and butanol in terms of OA extraction, but the content of UA was
slightly lower in chloroform extract in comparison to the other two. However, high TPC levels reaching
over 17% GAE (gallic acid equivalent) per leaf dry weight (dw) were found in both polar extracts.
To limit the phenolic recovery, mixtures of chloroform and methanol in different volume combinations
were tested. Finally, an optimal extraction procedure was established comprising two successive
extraction periods with chloroform followed by one with chloroform-methanol 1:1 (v/v). This scheme,
allowed for quantitative extraction of both OA and UA as well as reduced the TPC level in the extract
by over 40% (Figure 2).
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Figure 2. Content of OA, UA, and polyphenols (TPC) in the leaves of A. uva ursi as calculated
per dry weight basis in extracts obtained with different solvents: S1, n-hexane (3 × 30 mL); S2,
chloroform (3 × 30 mL); S3, chloroform-methanol 1:1 (3 × 30 mL); S4, chloroform (2 × 30 mL) +
chloroform-methanol 1:1 (30 mL); S5, methanol (3 × 30 mL); and S6, n-butanol (3 × 30 mL). Values are
presented as means (n = 3) ± standard deviation (error bars). Different superscripts (capitals, A–E) for
each analyte indicate significant differences in the means at p < 0.05.

3.2. Optimisation of the Chromatographic Conditions

When optimizing a liquid chromatographic (LC) separation, there are several variables to consider,
including analytical column chemistry and geometry, mobile phase composition, flow rate, and
temperature. However, as far as analysis of thoroughly studied analytes is concerned, the critical
previous findings should be adopted to avoid unnecessary repetitions in experimental design.

Considering the earlier studies, C18 is the stationary phase that is most commonly used in the
LC separation of OA and UA [8,15–21,26,38]. This is hardly surprising, as RP-18 columns are also the
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most popular ones when it comes to plant material standardisation in general and, therefore, easily
available in laboratories performing such studies. Moreover, in a study conducted by Zhang et al. [15],
where different column chemistries (C8, C18, CN, phenyl) were compared, only C18-based stationary
phases exhibited selectivity adequate for effective separation of both compounds. The best resolution
was achieved on polymeric C18 bonded phase (polycyclic aromatic hydrocarbons, PAH), however,
standard C18 phases gave superior peak shape and symmetry and, therefore, lower detection limits.
We decided, thus, to use classic RP-18 UHPLC columns in further optimisation. Among of couple of
columns assessed in the preliminary experiments, Zorbax Eclipse XDB C18 (100 mm× 3.0 mm, 1.8 µm)
column was proven to be the most suitable for the task. The internal column diameter of 3.0 mm
was chosen as less susceptible to the plugging problems than standard 2.1 mm UHPLC columns,
especially for the plant samples with complex lipoidal matrices, such as the target extracts. With only
two analytes to separate, a column shorter than 100 mm would seem to be a better choice as it could
offer a significant reduction of retention times. However, the efficiency of 50 mm columns tested was
strongly insufficient to separate so closely-related chemicals as OA and UA, which eluted then in one
band independently from the analytical conditions.

The mobile phase used to conduct the analysis is another important factor affecting the separation
process. According to the literature [16,18–21,28,39–42], isocratic binary elution systems containing
acetonitrile or methanol are preferred in analysis of native triterpenoid acids as preventing baseline
drifts often observed in gradient modes at detection wavelengths set below 220 nm, the region which
the both organic modifiers exhibit also the highest absorption in. In the corresponding mobile phases,
the concentrations of both solvents are similar, usually 80%–95% (v/v) for methanol and 85%–90%
(v/v) for acetonitrile. In general, methanol-containing phases, due to the lower eluotropic strength,
tend to give longer retention times, but better resolution. Our previous comparative studies [16]
confirmed this finding and 90% (v/v) aqueous methanol with 1% (w/v) of orthophosphoric acid was
demonstrated to be the optimal eluent for OA and UA separation. As it fits in the above-mentioned
range of the most selective mobile phase compositions, it has been selected for the present analysis.

The flow rate and temperature are further factors that can easily allow changing the separation
efficiency. According to the basics of chromatography, elevation of temperatures reduces eluent
viscosity and the observed backpressures, improves the sorption kinetics, increases the mass transfer
and longitudinal diffusion, which result in shorter analysis times, but the resolution could suffer,
especially for small molecules [43]. A similar effect (shorter time, but worse resolution) could be
achieved by increasing the flow rate. The efficient combination of the two factors is a key to successful
separation. The thorough examination of all combinations, even with only two factors to consider, can
be time consuming and might not necessarily provide an optimal solution. Therefore, to facilitate the
optimisation process, an experimental design was used.

The central composite design (CCD) is generally accepted in chromatographic studies on various
analytical stages from extraction to chromatographic separation [30]. It combines two-level full factorial
design with axial or star points and at least one point at the centre of the experimental region being
investigated. The design used in the present study comprised of four factorial and four axial runs, as
well as five duplicates of the central point. After preliminary experiments setting the central point
(flow rate, FR: 0.40 mL/min; temperature, T = 22 ◦C), the independent variables (FR, T) were tested on
five different levels in the ranges of 15.0–29.1 ◦C for T and 0.26–0.54 mL/min for FR (Table 1).

Two responses were selected as a measure of efficiency of the method: resolution (Rs) and
separation time (ST, understood as the retention time of the last peak). As the two responses chosen
have distinct targets, i.e., improving resolution usually means elongating analysis time, and the other
way around, in order to establish optimal conditions a compromise is required. Therefore, a third
response (D) was calculated using Derringer’s desirability function (Equation (2)), which is defined
as a geometric mean of the individual desirability functions (Equations (3) and (4)) [31,32]. As the
primary aim of the optimization was to minimize the analysis time while retaining the resolution still
allowing reliable quantification of both analytes, the desirability function for Rs (Equation (4)) was
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centred at 1.5 (with the ranges of 1.3–1.7), which value is commonly accepted as a precondition for
precise analysis. The ranges of the desirability function for ST (Equation (3)) were set between 5 and
8 min based on the experimental data with 5 min being the most and 8 min the least desirable result.

Table 1. Experimental variables, levels, design matrix and responses for the central composite design 1.

Run
Levels Factors Responses

T FR T (◦C) FR (mL/min) ST (min) Rs D

1 +1 +1 27.0 0.50 4.583 1.29 0.000
2 +1 −1 27.0 0.30 7.591 1.49 0.228
3 −1 +1 17.0 0.50 5.561 1.42 0.442
4 −1 −1 17.0 0.30 9.265 1.71 0.000
5 −1.41 0 15.0 0.40 7.244 1.59 0.382
6 +1.41 0 29.1 0.40 5.501 1.36 0.316
7 0 −1.41 22.0 0.26 9.620 1.66 0.000
8 0 +1.41 22.0 0.54 4.660 1.31 0.141
9 0 0 22.0 0.40 6.282 1.50 0.479

10 0 0 22.0 0.40 6.289 1.49 0.466
11 0 0 22.0 0.40 6.283 1.49 0.466
12 0 0 22.0 0.40 6.286 1.49 0.466
13 0 0 22.0 0.40 6.289 1.49 0.466

1 T: temperature; FR: flow rate; ST: separation time (retention time of the last peak; Rs: resolution OA/UA acc.
to Equation (5); D: Total response acc. to Equation (2).

The results were fitted with a second-order polynomial model (Equation (1)) and the insignificant
coefficients (p > 0.05) were eliminated using a backwards elimination process. The reduced equations
calculated that way and statistical parameters obtained from ANOVA are presented in Table 2, and the
corresponding response surfaces for the separation process are shown in Figures 3 and 4. The adjusted
R2 (R2 adjusted for the number of terms in the model) values for all models (0.981–0.999) were well
within the agreeable bounds of R2 > 0.88, which indicates good fitting of the experimental data with the
calculated equations [44]. All models were found to be significant in the F-test with p value < 0.0001.
The adequate precision, that is the measure of the response to deviation ratio, was in the range of
25.61–135.50, well above the desirable value of 4 [45]. The coefficient of variation (CV) for all models
was calculated to be less than 10%, which demonstrated their good reproducibility. All ANOVA
parameters show suitability of the established models for final optimisation calculations.

Table 2. Response models and statistical parameters obtained from ANOVA.

Response 1 Reduced Response
Model R2 Adjusted

R2 2 F-Value 3 p-Value 4 CV (%) 5 Adequate
Precision

ST 6.31 − 0.64T − 1.72FR
+ 0.42FR

2 + 0.17TFR
0.9993 0.9989 1960.31 <0.0001 0.91% 135.50

Rs
1.49 − 0.08T − 0.01T2

− 0.12FR + 0.02TFR
0.9984 0.9976 1268.19 <0.0001 0.40% 113.43

D
0.47 − 0.04T + 0.05FR
− 0.07T2 − 0.02FR

2 −
0.17TFR

0.9887 0.9806 122.57 <0.0001 9.29% 25.61

1 ST: separation time (retention time of the last peak); Rs: resolution OA/UA acc. to Equation (5); D: overall
desirability function acc. to Equation (2). 2 R2 adjusted for number of terms in the model. 3 Test for comparing
model variance with residual (error) variance. 4 Probability of seeing the observed F-value if the null hypothesis
is true. 5 Coefficient of variance.
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After reaching the optimal values for T and FR, the separation was conducted in the optimised
conditions. The close consistency between the calculated and experimental responses (Table 3)
shows the usefulness of the models in predicting the chromatographic behaviour of the analytes.
The experimental resolution of 1.497 was considered sufficient for quantitative analysis. The achieved
analysis time of 6.20 is considerably shorter than those obtained previously on conventional HPLC
systems, and also 1 min briefer than that obtained by Ampofo et al. [28] on a UHPLC instrument
equipped in the chromatographic column of lower internal diameter. As can be seen from the computed
models, a substantially larger ST reduction is not possible without compromising the resolution, and
the developed method may be considered optimal in the investigated range of factors and on the
selected chromatographic column.
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Table 3. Experimental and predicted responses under optimal conditions.

Response 1 Predicted Values Experimental Values Error 2 (%)

ST (min) 6.090 6.200 1.81
Rs 1.490 1.500 0.67
D 0.495 0.490 1.01

1 ST: separation time (retention time of the last peak; Rs: resolution OA/UA acc. to Equation (5); D: total
response acc. to Equation (2). 2 Percent error between predicted and experimental values.

3.3. Validation of the Method

Selectivity of the method and peak purity were analysed by the comparison of retention times and
UV-VIS spectra with reference compounds using an automated match system. The comparison
of the spectra upslope, apex, and downslope, and between the peak spectral data at different
wavelengths confirmed that all analyte peaks of the real samples eluted as pure bands. Representative
chromatograms (Figure 5), including that of the most complex extract of V. myrtillus, show good
resolution of the matrix peaks and high selectivity of the developed method for the quantification of
OA and UA.
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Figure 5. Representative chromatograms in the optimised conditions at λ = 215 nm of: (a) standards
at concentrations of 149.40 µg/mL (OA), 324.30 µg/mL (UA), (b) A. uva ursi leaves (12 mg/mL), and
(c) V. myrtillus leaves (30 mg/mL).

Calibration standards were prepared in methanol. Linearity of the calibration curves was tested
using two linear regression models (y = ax + b; y = ax), and the F- and t-tests were applied to check
the statistical significance of the regression equations, slopes, and intercepts at the 99% confidence
level. The correlation coefficient r of the accepted equations was 0.99998 for both analytes, and the
chromatographic responses were linear in wide concentration ranges (Table 4). Since no significant
differences (p < 0.05) were found between the slopes of the calibration curves and the matrix-matched
sensitivity plots, the calibration standards prepared in methanol were assumed to be appropriate
for the quantification of the target triterpenes in plant materials. The high sensitivity of the method
was demonstrated with the low LODs (47–51 µg/mL; 0.14–0.15 ng) and LOQs (374–405 µg/mL;
1.12–1.22 ng). The LODs and LOQs of both compounds were similar, as were the slopes of their
regression curves, which is consistent with their close structural similarity and, thus, similar UV-VIS
absorption. In comparison with the previously developed HPLC methods with UV- (Table 5) and
ELS-detection [25], as well as with the only one available to date UHPLC method [28] (Table 5),
the sensitivity was highly improved. Lower LODs and LOQs could have been obtained for native
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OA and UA (43–95 ng/mL; 0.017–0.038 ng) with MS-detection [26], and for fluorophore derivatives
(0.8–6.3 ng/mL; 0.004–0.063 ng) with FL-detection [17,22–24]. Stability of the standards (expressed as
recovery of the initial concentration) was tested at 4 ◦C during 30 days in five-day intervals. All analytes
were found stable in neutral solutions, with the 30th-day recovery >96%.

Table 4. Linear regression and sensitivity data.

Analyte Linearity Range
(µg/mL)

Linear
Regression (n) 1 r F-Test Value for

Linear Fit 2
LOD 3

[ng/mL (ng)]
LOQ 4

[ng/mL (ng)]

OA 1.49–149.40 y = 3.3355 x (6) 0.99998 144923.04 47 (0.141) 374 (1.122)
UA 3.24–324.30 y = 3.3535 x (6) 0.99998 155563.173 51 (0.153) 405 (1.215)

1 y, peak area; x, concentration of the standard in (µg/mL); n, number of data points (concentration levels).
2 Fisher variance ratio for the experimental data (the critical value at α = 0.01 is 8.5310 for n = 6). 3 Limit of
detection. 4 Limit of quantitation.

Table 5. Comparison of selected methods of OA (oleanolic acid) and UA (ursolic acid) separation.

Authors Method Column Mobile Phase FR
1

(mL/min)
T 2

(◦C)
ST 3

(min)
LOD 4

(ng) Rs
5

Zou and
Chen [19] HPLC-PDA Kromasil 100 C18

(250 × 4.6 mm, 5 µm)
MeOH:0.5% aqueous
H3PO4 (88:12, v/v) 1.0 25 19.5 7.8–8.4 2.5

Fan et al.
[20] HPLC-PDA Zorbax Eclipse XDB-C18

(150 × 4.6 mm, 5 µm)

MeOH:0.2% aqueous
AcOH (85:15, v/v) +

HP-β-CD (10 mmol/L)
1.0 35 11.5 20.8–22.3 2.0

Zhang et al.
[15] HPLC-UV Ultimate XB-PAH

(250 × 4.6 mm, 5 µm)
MeCN:water
(85:15, v/v) 1.0 25 16.9 2.1–3.3 >3.4

Sowa et al.
[41] HPLC-PDA Supelco Discovery C18

(250 × 4.6 mm, 5 µm)
MeCN:water:1% H3PO4

(90:10:0.5 v/v/v) 0.8 10 9.6 2.8–3.0 1.6

Olszewska
[16] HPLC-UV Nucleodur Gravity C18

(250 × 4.6 mm, 5 µm)
MeOH:1% aqueous
H3PO4 (90:10, v/v) 0.6 20 25.0 0.7–1.0 1.5

Ampofo-
Yeboah et al.

[28]

UHPLC-ESI-
MS/MS

Waters Acquity BEH
C18 (100 × 2.1mm, 2.1 µm)

MeOH:10 mmol
aqueous ammonium
acetate (75:25, v/v)

0.38 50 7.2 0.6 1.5

present UHPLC-PDA Zorbax Eclipse XDB C18
(100 × 3.0, 1.8 µm)

MeOH:1% aqueous
H3PO4 (90:10, v/v) 0.44 18 6.2 0.1–0.2 1.5

1 Flow rate. 2 Temperature. 3 Separation time (retention time of the last peak). 4 Limit of detection. 5 Resolution
OA/UA.

Precision of the method was tested for the standard solution and real sample of A. uva ursi.
The RSD values for intraday and inter-day variabilities were <1% for the retention times and in the
range of 0.4%–3.2% for the concentrations (Table 6).

Table 6. Validation parameters of precision and accuracy.

Analyte

Precision (RSD %) 1 Accuracy 2

Level
(µg/mL)

Intra-Day Variability Inter-day Variability Spiked Level
(µg/mL)

Recovery
(RSD, %)tR Peak Area tR Peak Area

OA
149.40 0.04 0.45 0.45 1.56 5 95.98 (1.78)
52.70 0.12 0.65 0.44 1.79 50 98.32 (2.23)
14.94 0.14 1.14 0.39 2.16 100 96.75 (2.13)

UA
324.30 0.04 0.43 0.49 1.02 10 96.78 (2.38)
198.11 0.09 0.93 0.37 1.33 100 97.47 (1.91)
32.43 0.13 1.22 0.43 2.46 200 97.83 (2.48)

1 Values for the standard solution tested at 100% and 10% of the stock concentration and for A. uva ursi leaves
(52.70 µg/mL OA, 198.11 µg/mL UA). 2 Spiked levels refer to the analyte amount added to the sample of
V. vitis idaea leaves (nominal concentration of 22.33 µg/mL OA, 67.43 µg/mL UA).

Accuracy was tested by determination of recovery by the standard addition technique.
The average total recovery of the method was 95.3%–100.9% for the both analytes, with RSD < 5%
(Table 6).
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The optimisation tests revealed that the separation results were susceptible to variations in several
analytical conditions, especially in mobile-phase composition, flow rate, and column temperature.
Therefore, the main system suitability parameters such as Rs of the critical pair and RSD values for
retention times and peak areas should be regularly controlled using the standard solution to ensure
that the validity of the proposed method is maintained whenever used.

3.4. Method Application to Real Samples

The developed method was applied to the simultaneous determination of OA and UA in the leaves
of selected Ericaceae species used in traditional medicine (Table 7). The leaves of A. uva ursi, V. vitis idaea,
and V. myrtillus are well known herbal remedies commercially available in European countries,
including Poland, recommended mainly for the treatment of urinary tract infections. G. procumbens is
a plant native to North America and introduced to Europe as a source of leaves and essential oil used
as anti-inflammatory agents of wide applicability.

Table 7. Content of OA and UA in investigated leaf samples.

Species OA (mg/g) 1 UA (mg/g) 1

Arctostaphylos uva ursi 4.47 ± 0.022 D 18.61 ± 0.233 D

Gaultheria procumbens 1.58 ± 0.049 B 5.76 ± 0.043 C

Vaccinium myrtillus 1.78 ± 0.003 C 1.30 ± 0.034 A

Vaccinium vitis idaea 0.74 ± 0.008 A 2.50 ± 0.021 B

1 Values calculated per dry weight basis and presented as means (n = 3) ± standard deviation.
Different superscripts (capitals, A–D) in each column indicate significant differences in the means (p < 0.05).

In all of the tested plant materials OA and UA constituted the dominating part of the triterpene
acid fraction with other triterpene peaks negligible or not existing at 215 nm, which is typical for the
analysed taxons [46,47] and illustrated on the respective chromatograms (Figure 5). The amounts of OA
and UA in the investigated plant tissues varied from 0.74 ± 0.01 mg/g dw to 4.47 ± 0.02 mg/g dw and
from 1.30 ± 0.03 mg/g dw to 18.61 ± 0.23 mg/g dw, respectively. With the levels generally over three
times higher than those of OA, the UA was the primary constituent in all samples (p < 0.001) except of
V. myrtillus. The highest concentrations of both analytes were found in the leaves of A. uva ursi.

The detailed studies of triterpenes in the leaves of V. vitis idaea revealed that the content of both
acids can vary significantly depending not only on the place of plant origin (i.e., local geoclimatic
conditions), but also on the time of harvest and leaf development stage [48]. For UA it ranged from
1.59 mg/g dw to 3.16 mg/g dw, while for OA it ranged from 0.81 mg/g dw to 1.44 mg/g dw, which
is consistent with the data obtained in our study. In the case of leaves of A. uva ursi and V. myrtillus
our results are higher than the previous ones, but the relative ratio remains similar. For comparison,
Jäger et al. [47] found in the leaf extract from A. uva ursi 12.4 mg/g dw of UA and 2.7 mg/g dw of OA.
The leaves of V. myrtillus, depending on the collection sites, contained 0.85–0.87 mg/g dw of OA and
0.75–0.78 mg/g dw of UA [49]. These variations could be attributed not only to the differences in the
harvest, preparation, and storage conditions between the commercial samples analysed in the present
work and the plant material from natural habitats assayed earlier, but also presumably to the different
extraction condition applied in the studies [48].

As standardisation procedures are generally meant for routine analyses of large amount of
samples, the economy factor is of uttermost importance. During our experiments we noticed an
increased need for inline filter change, which was likely caused by waxy substances extracted with
chloroform. Therefore, we proposed an alternative extraction procedure that contains one additional
step, i.e., pre-extraction of the plant material with n-hexane. This allowed for the removal of waxes
and substantially (over two times) elongated the usability of the filters, reducing the costs of the
analyses. However, due to the partial solubility of the investigated analytes in n-hexane, the results
obtained in this way are underestimated. A correction factors were thus introduced allowing for quick
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recalculation of the factual OA and UA content. The factors were in the range of 1.46–1.95 for OA and
1.30–1.60 for UA (Table 8).

Table 8. Results of OA and UA determination obtained with alternative extraction procedure and
correction factors.

Species OA (mg/g) 1 FOA
2 UA (mg/g) 1 FUA

2

Arctostaphylos uva ursi 3.06 ± 0.087 D 1.46 14.37 ± 0.305 D 1.30
Gaultheria procumbens 0.84 ± 0.012 B 1.88 3.71 ± 0.067 C 1.55

Vaccinium myrtillus 1.13 ± 0.035 C 1.57 0.81 ± 0.019 A 1.60
Vaccinium vitis idaea 0.38 ± 0.018 A 1.95 1.57 ± 0.039 B 1.59

1 Values calculated per dry weight basis and presented as means (n = 3) ± standard deviation.
Different superscripts (capitals, A–D) in each column indicate significant differences in the means (p < 0.05).
2 Correction factors (F) for recalculating the factual OA and UA content.

4. Conclusions

The UHPLC-PDA method reported here represents a new, simple, fast, and sensitive analytical
tool for simultaneous determination of two prominent triterpene acids OA and UA in plant materials.
The use of central composite design combined with Derringer’s desirability function and response
surface methodology in the optimisation process assured achieving the shortest time of analysis
possible on the applied column. Consequently, the established method was proved the fastest
from all previously-described HPLC and UHPLC protocols, as well as significantly superior to
the known HPLC-UV methods in term of sensitivity. The assay is accurate, reproducible, fully
validated, and was successfully applied to real samples of herbal medicinal products of commercial
importance, demonstrating its usefulness as an effective technique for standardisation and quality
control procedures.
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