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Abstract: Heat sterilization of glucose solutions can lead to the formation of various glucose degra-
dation products (GDPs) due to oxidation, hydrolysis, and dehydration. GDPs can have toxic ef-
fects after parenteral administration due to their high reactivity. In this study, the application of
the F0 concept to modify specific time/temperature models during heat sterilization and their
influence on the formation of GDPs in parenteral glucose solutions was investigated using high-
performance liquid chromatography-tandem mass spectrometry (LC-MS/MS). Glucose solutions
(10%, w/v) were autoclaved at 111 ◦C, 116 ◦C, and 121 ◦C for different durations. The GDPs gly-
oxal, methylglyoxal, glucosone, 3-deoxyglucosone/3-deoxygalactosone, 3,4-dideoxyglucosone-3-ene,
and 5-hydroxymethylfurfural were quantified after derivatization with o-phenylenediamine by an
optimized LC-MS/MS method. For all GDPs, the limit of detection was <0.078 µg/mL, and the
limit of quantification was <0.236 µg/mL. The autoclaving time of 121 ◦C and 15 min resulted in
the lowest levels of 3-DG/3-DGal and 5-HMF, but in the highest levels of GO and 2-KDG. The
proposed LC-MS/MS method is rapid and sensitive. So far, only 5-HMF concentrations are limited
by the regulatory authorities. Our results suggest reconsidering the impurity limits of various GDPs,
especially the more toxic ones such as GO and MGO, by the Pharmacopoeias.

Keywords: F0 concept; steam sterilization; sterilization safety; glucose degradation products;
α-dicarbonyl compounds; derivatization; tandem mass spectrometry; Geobacillus stearothermophilus

1. Introduction

Sterile glucose infusion solutions for parenteral administration are commonly used
as reconstitution solvents or diluents for injectable drugs and for peritoneal dialysis [1].
The sterility of the parenteral glucose solutions is a crucial prerequisite for their safety.
Sterility can be achieved via several methods and conditions. Whenever possible, a process
is chosen in which the product is sterilized in its final container (final sterilization). In order
to guarantee the sterility of steam-sterilized glucose solutions, the European Pharmacopoeia
stipulates that the products to be steam-sterilized must be heated to at least 121 ◦C for
15 min (reference sterilization procedure). Other combinations of time and temperature
may be used if they achieve a sterility assurance level (SAL) of 10−6 or less. This process is
to be controlled with the guide germ Geobacillus stearothermophilus [2]. The F0 concept is
considered to be an equivalent sterilization process; this refers to processes that achieve a
comparably lethal effect with different temperature and time combinations as the reference
sterilization process described in the European Pharmacopoeia. Sterilization procedures
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carried out according to the F0 concept have the advantage that sterilization temperatures
below 121 ◦C may be more suitable for temperature-sensitive products and containers
offering comparable effects when combined with extended sterilization times [3]. However,
reducing the temperature results in a longer autoclaving time. F0 indicates the specified
time in minutes to which the solution to be autoclaved is exposed in its final container [4].
During the heat sterilization process of glucose solutions, glucose degradation products
(GDPs) can be formed [5–7]. So far, some monocarbonyl as well as dicarbonyl degradation
products have been identified [8–10]. Most GDPs are formed by oxidative and dehydrative
processes (Figure 1).

Figure 1. Reaction products of D-glucose due to oxidation, hydrolysis, and dehydration reactions observed during
autoclaving of aqueous glucose solutions.

Figure 1 shows the potential GDPs of D-glucose that can be formed by oxidation,
hydrolysis, and dehydration.

These are promoted by the hydrolytic activity of the aqueous solvent and by heat.
It has been shown that high levels of GDPs may result in the formation of Advanced
Glycation End products (AGEs) that have an impact on cellular homeostasis and health
in general [1]. Parenteral administration of glucose solutions is expected to lead to an
accumulation of these AGEs on the walls of blood vessels [11].

To date, only a few studies have been published that have focused on reducing the
formation of GDPs in heat sterilized glucose solutions for parenteral use by the application
of appropriate sterilization procedures [12–14] and determining the quality and quantity
of GDPs in these solutions [1,5,15–17].

Due to the frequent use of glucose infusion solutions in practice [1,5] and the discussed
possible toxicity of some GDPs such as glyoxal (GO) [18] and methylglyoxal (MGO) [19],
this work deals with a current and highly sensitive topic. It is particularly important to
closely examine glucose solutions for parenteral administration [11] and to reduce the
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amount of GDPs generated during the heat sterilization process to a minimum using
appropriate methods such as the F0 concept.

In order to investigate parameters that influence heat sterilized glucose solutions poten-
tially leading to different concentrations of formed GDPs such as the α-dicarbonyl (α-DC)
compounds GO, MGO, glucosone (2-KDG), 3-deoxyglucosone (3-DG), 3-deoxygalactosone
(3-DGal), 3,4-dideoxyglucosone-3-ene (3,4-DGE), and the monocarbonylic compound 5-
hydroxymethylfurfural (5-HMF), 10% (w/v) glucose solutions in water were prepared.
These were heat sterilized using the F0 concept at adapted temperature/time ratios in final
containers, and the GDP concentrations were subsequently quantified by LC-MS/MS. In
addition, a validation of the method developed for the quantitative measurements was car-
ried out. The success of the autoclaving process was controlled in terms of the inactivation
of the bacterial spores of Geobacillus stearothermophilus, which is used as a typical key germ.

2. Results

Since the 10% (w/v) glucose solutions are of particular interest with regard to their
use as carrier solutions for electrolytes and drugs, we wanted to examine these solutions in
more detail [20]. The objective of this study was to show the influence of the heating time
when the required autoclaving times (scheme A) are not exactly observed and the glucose
solutions are heated for too long (scheme B) (Table 1).

Table 1. Autoclaving schemes A/B.

Temperature [◦C] Scheme A (Overkill Conditions)
Autoclaving Time (F0) [min]

Scheme B
Autoclaving Time (F0) [min]

111 180 233
116 57 85
121 18 30

The basis for calculating the sterilization cycles according to schemes A and B can be
found in the methods Section 4.2.2.

It is of enormous importance to validate the autoclaving procedure well, especially
when working with temperature-sensitive substances such as glucose. For this purpose, an
LC-MS/MS method according to Mittelmaier et al. [8], but further modified and optimized,
was used to identify and quantify major GDPs in form of α-DCs, in particular GO, MGO,
2-KDG, 3-DG, 3-DGal, 3,4-DGE, and 5-HMF from freshly autoclaved glucose solutions.

2.1. Autoclaving under Germicidal Control

This experiment demonstrated that all temperature/time combinations presented by
means of the F0 concept in Table 1 were suitable in practice to kill the lead germ Geobacillus
stearothermophilus used in steam sterilization in the prepared 10% (w/v) glucose solutions
described in Section 4.2.1. If the autoclaving time or temperature had not been sufficient to
kill the germ, the germ would have survived the sterilization and secreted acid metabolites
in the culture medium after incubation, causing a color change from purple to yellow.
This color change did not happen, which can be seen in Figure S1 in the Supplementary
Materials. As a control, a non-autoclaved EZ-Test® was co-incubated at 60 ◦C for 24 h. The
test was incubated in the nutrient medium. The “Test/Control” figure clearly shows the
color change of the indicator bromocresol purple from purple, at a pH of 6.8 to yellow
at more acidic pH values around 5.2 [21]. The results of the autoclaving procedure are
additionally described in Table 2.

Table 2. Overview of the autoclaving results with regard to the germ Geobacillus stearothermophilus.

Temperature [◦C] F0 [min] (Scheme A) Geobacillus stearothermophilus Killed (Scheme A/Scheme B)?

111 180 yes
116 57 yes
121 18 yes

3
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2.2. Measuring of the pH Values of the Autoclaved and Non-Autoclaved Glucose Solutions

The solutions listed in Table 3 were all cooled down to room temperature after heat
sterilization, which took place at 111 ◦C, 116 ◦C, and 121 ◦C, and then the pH of these
solutions was determined at room temperature.

Table 3. Overview of the obtained pH-values ± SD (= standard deviation) in different temperatures/sterilization-
times/vessels.

10% Glucose Solution
(n = 3 for Each Scheme A/B)

Control Values of
Autoclaved Water without Glucose

(n = 3 for Each Scheme A/B)

Temperature [◦C]
10% PP Bottle

(Scheme A)
pH ± SD

10% PP Bottle
(Scheme B)
pH ± SD

Water, PP Bottle
(Scheme A)
pH ± SD

Water, PP
Bottle(Scheme B)

pH ± SD

111 5.17 ± 0.0 4.08 ± 0.0 7.03 ± 0.0 6.80 ± 0.0

116 4.67 ± 0.0 4.12 ± 0.0 6.77 ± 0.0 6.53 ± 0.0

121 4.36 ± 0.0 4.15 ± 0.0 6.68 ± 0.0 6.11 ± 0.0

non-autoclaved
(room temperature) 4.98 ± 0.0 6.81 ± 0.0

In Table 3 it can clearly be seen that with increasing heat sterilization temperature
from 111 ◦C to 121 ◦C, the pH value decreases. In the non-autoclaved glucose solution, the
pH value is clearly higher than in the autoclaved one. This can be explained by the fact
that the amount of acidic GDPs formed during heat sterilization increases with increasing
exposure time and with increased uptake of CO2 from the ambient air. The effect of the
temperature increase during heat sterilization does not seem to contribute significantly to a
reduction of the pH value. Compared to the 10% (w/v) glucose solution, the pH values of
autoclaved water are higher, even those of the non-autoclaved solutions.

2.3. Content of GDPs in Autoclaved 10% (w/v) Glucose Solutions in PP Bottles

Next, we determined the GDP contents in 10% (w/v) glucose solutions in PP bottles
that had been prepared and autoclaved within this study (n = 27 measurements each
within scheme A/B; for each temperature, 3 bottles per autoclave run were autoclaved in
3 autoclave runs. Each of these 9 bottles was measured 3 times in total). The results are
shown in Table 4.

Table 4. Concentrations of GDPs in 10% (w/v) glucose solution in PP bottles autoclaved according to scheme A (n = 27).

Temp
[◦C]

GO
[µg/mL]
± SD

MGO
[µg/mL]
± SD

2-KDG
[µg/mL]
± SD

3-DG/3-DGal
[µg/mL]
± SD

3,4-DGE
[µg/mL]
± SD

5-HMF
[µg/mL]
± SD

Scheme
A

111 4.4 ± 2.7 3.0 ± 0.3 5.9 ± 2.2 56.0 ± 10.2 59.6 ± 14.5 81.9 ± 29.5

116 4.2 ± 0.7 2.5 ± 0.2 7.1 ± 0.6 55.0 ± 1.6 50.9 ± 1.7 31.6 ± 0.5

121 5.6 ± 1.3 2.6 ± 0.2 7.5 ± 1.4 52.2 ± 4.0 55.5 ± 1.7 17.4 ± 3.9

Scheme
B

111 18.0 ± 9.7 12.9 ± 3.2 5.2 ± 0.3 72.9 ± 10.5 66.2 ± 6.2 94.0 ± 4.0

116 20.6 ± 1.7 11.8 ± 0.4 6.5 ± 0.8 65.2 ± 6.7 73.6 ± 2.8 56.3 ± 7.4

121 23.2 ± 0.9 11.5 ± 0.8 6.9 ± 0.7 60.3 ± 6.8 59.5 ± 2.8 37.2 ± 0.8

The results of autoclaving the glucose solutions according to scheme A show that
the concentrations of GDPs formed decrease with increasing temperature, except for GO
and 2-KDG and 3,4-DGE. In comparison, the highest concentrations of GDPs formed are
present for 3-DG/3-DGal, 3,4-DGE, and 5-HMF.

4
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The 10% (w/v) glucose solutions autoclaved according to scheme B also show the same
trend as described above: the concentrations of GO and 2-KDG increase with increasing
temperature, whereas the concentrations of MGO, 3-DG/3-DGal, 3,4-DGE and especially
5-HMF decrease with increasing temperature. These results are shown in Figures 2 and 3.

Figure 2. Comparison of the concentrations of GDPs according to the autoclaving scheme (A/B) and
temperature (111 ◦C, 116 ◦C, 121 ◦C) (n = 27).

Figure 3. Comparison of the concentrations of GDPs formed at 111–116 ◦C autoclaved according to
scheme A and according to scheme B (n = 27).

Figure 2 shows the different concentrations of GDPs formed at the respective tem-
peratures according to scheme A versus scheme B. In comparison, it can be seen that

5
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higher concentrations of GDPs are formed in scheme B. The highest concentrations could
be observed for the GDPs 3-DG/3-DGal and 5-HMF. The following Figure 3 shows an
alternative representation.

Further figures showing the different concentrations of GDPs at the selected tempera-
tures 111 ◦C, 116 ◦C, and 121 ◦C (schemes A and B) can be found in the Supplementary
Materials (Figures S2–S13).

When the 10% (w/v) glucose solution is autoclaved at the standard autoclaving
temperature of 121 ◦C for a much longer time (F0 = 202 min versus F0 = 18 min), thus
exposing it to the high energy level for a much longer time, it can be observed that compared
to scheme A, the concentrations of MGO, 2-KDG, 3-DG/3-DGal, and 3,4-DGE decrease by
up to 85.3%, but the concentrations of GO and 5-HMF increase by up to 136.2% (Table 5).

Table 5. Concentrations of GDPs in 10% (w/v) glucose solutions in PP bottles heat sterilized at 121 ◦C for 350 min
(F0 = 202 min). 3 batches with 3 bottles each were analyzed (n = 9).

Temp
[◦C]

GO
[µg/mL]
± SD

MGO
[µg/mL]
± SD

2-KDG
[µg/mL]
± SD

3-DG/3-DGal
[µg/mL]
± SD

3,4-DGE
[µg/mL]
± SD

5-HMF
[µg/mL]
± SD

121 8.3 ± 0.0 1.2 ± 0.1 1.1 ± 0.1 13.7 ± 0.1 12.5 ± 0.3 41.1 ± 0.1

In Table 5 it can be clearly seen that there are significantly lower concentrations of
MGO, 2-KDG, 3-DG/3-DGal, and 3,4-DGE compared to the 10% glucose solution prepared
at the standard autoclaving time (121 ◦C and F0 = 18 min). Table 5 is also shown in the
Supplementary Materials (Figure S14).

The non-autoclaved 10% (w/v) glucose solution served as a reference value. Small
amounts of GDPs (especially GO and MGO) were also observed (Table 6).

Table 6. Concentrations of GDPs in 10% (w/v) glucose solutions in PP bottles that were not heat sterilized (reference value).
Three bottles were analyzed (n = 3).

Temp
[◦C]

GO
[µg/mL]
± SD

MGO
[µg/mL]
± SD

2-KDG
[µg/mL]
± SD

3-DG/3-DGal
[µg/mL]
± SD

3,4-DGE
[µg/mL]
± SD

5-HMF
[µg/mL]
± SD

121 1.0 ± 0.5 0.9 ± 0.1 0.1 ± 0.0 n.d. n.d. 0.1 ± 0.0

n.d. = not detectable.

2.4. Content of GDPs in Commercially Available Aqueous Glucose Solutions (5–50%) in Different
Types of Vessels from Three Different Manufacturers

In the following part of the experiment, different high concentrations of glucose solu-
tions from three manufacturers A–C were investigated with regard to the occurrence and
concentrations of GDPs. The glucose solutions had been autoclaved by the manufacturers
A–C according to scheme A (F0 value of 18 min at 121 ◦C). Three measurements per batch
were determined (Tables 7–9).

Table 7. Concentrations of GDPs. Manufacturer A (n = 3).

MAH/Conc
GO

[µg/mL]
± SD

MGO
[µg/mL]
± SD

2-KDG
[µg/mL]
± SD

3-DG/3-DGal
[µg/mL]
± SD

3,4-DGE
[µg/mL]
± SD

5-HMF
[µg/mL]
± SD

5% PP 35.9 ± 2.5 0.8 ± 0.3 0.5 ± 0.6 8.5 ± 0.7 1.2 ± 1.0 0.4 ± 0.6
10% PP 42.1 ± 8.5 0.8 ± 0.3 1.1 ± 0.9 11.3 ± 1.0 1.5 ± 1.3 0.7 ± 0.6
20% PP 39.2 ± 3.4 0.8 ± 0.2 18.9 ± 4.8 1.3 ± 0.1 0.1 ± 0.1 2.1 ± 0.2
40% PP 47.3 ± 2.6 0.9 ± 0.2 23.0 ± 0.3 0.4 ± 0.1 0.0 ± 0.0 4.6 ± 0.4

50% Glass 43.6 ± 3.9 0.9 ± 0.4 11.1 ± 1.0 31.4 ± 2.4 3.5 ± 0.3 5.6 ± 0.9
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Table 8. Concentrations of GDPs. Manufacturer B (n = 3).

MAH/Conc
GO

[µg/mL]
± SD

MGO
[µg/mL]
± SD

2-KDG
[µg/mL]
± SD

3-DG/3-DGal
[µg/mL]
± SD

3,4-DGE
[µg/mL]
± SD

5-HMF
[µg/mL]
± SD

5% PP 0.6 ± 0.1 0.5 ± 0.1 1 ± 0.9 14.2 ± 3.4 3.4 ± 1.0 1.6 ± 0.3
10% PP 11.1 ± 0.5 0.6 ± 0.1 1.7 ± 0.1 18.4 ± 2.1 3.6 ± 0.4 2.6 ± 0.4
20% PP 13.7 ± 1.3 0.7 ± 0.3 5.1 ± 2.7 20.2 ± 0.4 3.3 ± 0.3 5.0 ± 0.3
40% PP 16.1 ± 3.6 0.8 ± 0.5 17.5 ± 8.8 20.4 ± 0.4 1.6 ± 0.0 9.5 ± 1.2

50% Glass 15.9 ± 0.9 0.9 ± 0.2 10.1 ± 2.6 34.6 ± 0.5 4.0 ± 0.3 7.9 ± 1.0

Table 9. Concentrations of GDPs. Manufacturer C (n = 3).

MAH/Conc
GO

[µg/mL]
± SD

MGO
[µg/mL]
± SD

2-KDG
[µg/mL]
± SD

3-DG/3-DGal
[µg/mL]
± SD

3,4-DGE
[µg/mL]
± SD

5-HMF
[µg/mL]
± SD

5% Glass 20.9 ± 5.1 0.7 ± 0.3 0.3 ± 0.6 12.3 ± 0.7 2.9 ± 0.2 1.2 ± 0.1
10% Glass 31.9 ± 3.2 0.7 ± 0.2 0.9 ± 0.9 13.3 ± 1.4 2.5 ± 0.2 2.9 ± 0.2
20% Glass 33.0 ± 0.8 0.7 ± 0.1 7.6 ± 4.2 14.2 ± 0.6 1.2 ± 0.2 14.1 ± 1.1

40% PP 32.4 ± 6.5 0.8 ± 0.4 15.3 ± 2.3 10.8 ± 1.1 0.8 ± 0.1 4.6 ± 0.1
50% Glass 40.5 ± 3.3 0.9 ± 0.3 6.7 ± 4.5 31.8 ± 3.0 2.9 ± 0.2 12.9 ± 0.5

Comparing manufacturers A and B, it is noticeable that manufacturer A contains
more GO and manufacturer B contains more 5-HMF in all glucose solutions (5–50%).
Manufacturer C also has a comparatively very high proportion of GO and 5-HMF in
relation to the 50% solution compared with manufacturers A and B.

With reference to the characteristics of the vessels of the marketed glucose solutions, it
can be observed that in glass containers there are lower concentrations of GO and 2-KDG
compared to PP bottles (50% glass versus 40% PP), despite the higher concentration of
the glucose solutions. In return, there is a significant increase in 3-DG/3-DGal in the 50%
glucose solutions autoclaved in glass vessels.

2.5. Method Validation via LC-MS/MS

The optimized method was validated according to the ICH Q2(R1) guideline [22].

2.5.1. Selectivity

The LC-MS/MS method developed is selective for the GDPs investigated in this
study. The glucose matrix did not affect the AUCs of the derivatized GDPs. Glucose
was not derivatized at all and its presence did not affect the quantitative analysis of the
GDPs. However, a limitation in terms of selectivity is that the method does not adequately
separate 3-DG from 3-DGal.

2.5.2. Linearity

All analytes could be well analyzed and evaluated and showed linear regression.
The 5-HMF concentration-dependent curve exhibited good correlation with R2 = 0.993.

3,4-DGE exhibited very good correlation with R2 = 0.998. GO, MGO, 2-KDG and 3-DG/3-
DGal had excellent correlation coefficients with R2 = 0.999. 3,4-DGE and 3-DG/3-DGal
and 5-HMF were weighted 1

x . Other GDPs were not weighted.

2.5.3. Range

All GDP derivatives GO, MGO, 2-KDG, 3-DG/3-DGal, 3,4-DGE and 5-HMF provided
adequate regression levels in the tested interval 0.5–100 µg/mL. The range was calculated
as a compromise including all expected GDP concentrations.
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2.5.4. LOD

All derivatized GDPs had a LOD between 0.004 µg/mL and 0.078 µg/mL:

LOD = 3.3 ∗ standard deviation o f the response/slope o f the calibration curve. (1)

2.5.5. LOQ

All derivatized GDPs had a LOQ between 0.012 µg/mL and 0.236 µg/mL:

LOQ = 10 ∗ standard deviation o f the response/slope o f the calibration curve. (2)

2.5.6. Accuracy

Accuracy was reported as % recovery and tested in order to exclude possible sys-
tematic errors. The mean recovery (in%) was performed at three concentrations with six
replicates each for the concentration levels 0.5, 25, and 100 µg/mL after a 16 h derivatization
period with 0.75 mg/mL OPD. It ranged from 89.8 to 109.0%.

2.5.7. Precision

The intraday precision was evaluated by analyzing three different concentrations with
three replicates of each concentration. Intraday precision was calculated as RSD% for peak
area. It ranged from 0.7 to 2.5% for GO, 0.7 to 1.4% for MGO, 0.5 to 2.9% for 2-KDG, 0.7 to
4.9% for 3-DG/3-DGal, 1.1 to 4.3% for 3,4-DGE and 1.0 to 3.4% for 5-HMF. All values of the
RSD% are below 5%.

The validation results show that the method described here is a precise and reliable
method for the quantification of GDPs in glucose solutions in the range indicated. All
parameters of the method validation are presented in Tables 10 and 11.

Table 10. Method validation parameters.

Analyte Regression R2 Weighting Range
[µg/mL]

LOD
[µg/mL]
(1 calc.)

LOQ
[µg/mL]
(1 calc.)

GO y = 1.01040x + 4.55224e−4 0.999 none 0.5–100 0.078 0.236
MGO y = 3.30991x + 0.00154 0.999 none 0.5–100 0.023 0.070

2-KDG y = 1.98896x − 2.01261e−5 0.999 none 0.5–100 0.053 0.161
3-DG/3-DGal y = 13.02104x + 0.00448 0.999 1

x 0.5–100 0.004 0.012
3,4-DGE y = 5.15815x + 5.56583e−4 0.998 1

x 0.5–100 0.015 0.046
5-HMF y = 11.23859x + 0.01012 0.993 1

x 0.5–100 0.010 0.031
1 calc. = calculated according to ICH Q2(R1) guideline [22].

Table 11. Precision in terms of % relative standard deviation (RSD) for replicate measurements (n = 3) at three different levels,
and accuracy reported as percent recovery for three concentrations/six replicates each of the total analytical procedure.

Precision (as% RSD) Accuracy (% Recovery)

GDP GDP conc.
[µg/mL]

Mean
[µg/mL] ± SD RSD% Mean

[µg/mL] ± SD % Recovery

GO

0.5 0.5 ± 0.0 2.5 0.5 ± 0.0 98.8

25 23.0 ± 0.3 1.2 24.6 ± 0.7 98.3

100 98.5 ± 0.7 0.7 98.2 ± 3.0 98.2

MGO

0.5 0.7 ± 0.0 0.8 0.5 ± 0.0 109.0

25 24.0 ± 0.3 1.4 25.5 ± 0.7 102.1

100 98.5 ± 0.7 0.7 99.5 ± 2.4 99.5
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Table 11. Cont.

Precision (as% RSD) Accuracy (% Recovery)

GDP GDP conc.
[µg/mL]

Mean
[µg/mL] ± SD RSD% Mean

[µg/mL] ± SD % Recovery

2-KDG

0.5 0.6 ± 0.0 2.9 0.5 ± 0.0 103.7

25 24.7 ± 0.6 2.4 26.0 ± 0.9 103.9

100 101.5 ± 0.5 0.5 103.6 ± 3.7 103.6

3-DG/
3-DGal

0.5 0.4 ± 0.0 4.9 0.4 ± 0.0 89.8

25 26.4 ± 0.2 0.7 25.1 ± 1.8 100.2

100 99.3 ± 2.0 2.0 100.5 ± 3.1 100.5

3,4-DGE

0.5 0.5 ± 0.0 4.3 0.5 ± 0.0 106.9

25 25.9 ± 0.5 2.0 26.0 ± 2.0 104.2

100 92.3 ± 1.1 1.1 96.1 ± 4.0 96.1

5-HMF

0.5 0.5 ± 0.0 3.1 0.5 ± 0.0 94.8

25 26.9 ± 0.3 1.4 27.0 ± 0.7 107.9

100 103.4 ± 3.6 0.5 102.5 ± 4.5 102.5

2.6. Statistical Analysis

Finally, a statistical analysis of the differences in concentrations of the individual GDPs
autoclaved according to schemes A and B was carried out to evaluate the significance
of the measured values (Table 12). The concentrations of the GDPs were compared per
temperature and per GDP after they had been autoclaved either via scheme A or via
scheme B.

Table 12. Comparison of the two autoclaving schemes A and B with regard to the influence of temperature on the resulting
GDP concentrations.

GDP
Temp [◦C]

F0 Scheme A vs. F0 Scheme B

p-Value Significance Level Degrees of Freedom

GO

111 ◦C 0.008012 *

16

116 ◦C 1.512 × 10−12 */**

121 ◦C 1.516 × 10−13 */**

MGO

111 ◦C 0.3065 not significant

116 ◦C 6.058 × 10−14 */**

121 ◦C 2.938 × 10−13 */**

2-KDG

111 ◦C 0.5692 not significant

116 ◦C 0.1991 not significant

121 ◦C 0.4838 not significant

3-DG/
3-DGal

111 ◦C 0.05203 not significant

116 ◦C 0.003162 *

121 ◦C 0.01666 *

3,4-DGE

111 ◦C 0.4311 not significant

116 ◦C 6.311 × 10−8 */**

121 ◦C 0.02456 *

5-HMF

111 ◦C 0.3691 not significant

116 ◦C 1.03 × 10−6 */**

121 ◦C 4.946 × 10−9 */**

* p ≤ 0.05: significant on nominal significance level ** p ≤ 0.003 (0.05/18): significant after Bonferroni correction for multiple testing.
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A two sample t-tests was used to investigate if there was a significant difference
between the two selected autoclaving schemes A and B (Table 1). Here, the content of each
GDP per temperature of scheme A was compared with the content of each GDP within
scheme B.

Subsequently, a two-sample t-test was performed based on the standard temperature
of 121 ◦C, which was compared against the two alternative temperatures 111 ◦C and 116 ◦C
with respect to the concentrations that occurred according to autoclaving scheme A (Table
13).

Table 13. Comparison of GDP concentrations at 121 ◦C versus the two alternative autoclaving temperatures 116 ◦C and
121 ◦C in autoclaving scheme A.

GDP

121 ◦C versus 111 ◦C and 116 ◦C

Standard
Autoclaving
Temperature

Alternative
Autoclaving
Temperature

p-Value Significance Level Degrees of Freedom

GO
121 ◦C 111 ◦C 0.3051 not significant

16

121 ◦C 116 ◦C 0.05448 not significant

MGO
121 ◦C 111 ◦C 0.1987 not significant

121 ◦C 116 ◦C 0.6584 not significant

2-KDG
121 ◦C 111 ◦C 0.2506 not significant

121 ◦C 116 ◦C 0.6102 not significant

3-DG/
3-DGal

121 ◦C 111 ◦C 0.6078 not significant

121 ◦C 116 ◦C 0.1801 not significant

3,4-DGE
121 ◦C 111 ◦C 0.6067 not significant

121 ◦C 116 ◦C 0.01357 *

5-HMF
121 ◦C 111 ◦C 1.256 × 10−4 */**

121 ◦C 116 ◦C 5.134 × 10−7 */**

* p ≤ 0.05: significant on nominal significance level ** p ≤ 0.004 (0.05/12): significant after Bonferroni correction for multiple testing.

The two-sample t-test was performed in order to investigate if there is a significant
difference between the standard autoclaving temperature 121 ◦C and the two alternative
autoclaving temperatures, 111 ◦C and 116 ◦C, within scheme A. A clear significance can
be seen for the GDPs 3,4-DGE (121 ◦C versus 116 ◦C) and 5-HMF (121 ◦C versus 111 ◦C
and 121 ◦C versus 116 ◦C). At 121 ◦C, significantly lower concentrations of these GDPs are
formed. This is in line with the graphical representation from Figures 2 and 3.

3. Discussion

Known factors that can influence the content of GDPs are glucose concentration [7,17],
pH [7], the chosen container [1,23,24], storage conditions [7], temperature [7], and heating
time [12–14]. The last two influencing factors were examined in detail in this paper as they
seem to be important components. A number of studies have already been carried out on
different degradation products that have occurred in marketed medicinal products as well
as in self-autoclaved glucose solutions after heat sterilization [12–14].

The objective of this work was to investigate the effect of different temperatures and
autoclaving times on 10% (w/v) glucose solutions with regard to the formation of the
six α-dicarbonyls GO, MGO, 2-KDG, 3-DG/3-DGal and 3,4-DGE as well as the aldehyde
5-HMF that occur after heat sterilization. In addition, suitable conditions to produce the
lowest possible GDP concentrations were analyzed.

Due to possibly different activation energies and degradation kinetics of the various
degradation reactions, the type and amount of GDPs obtained differ. The F0 value is
derived on the basis of a first-order reaction and offers the possibility of comparing different
heat treatment processes with one another or setting limit values for them [25–27]. The
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sterilization value is often used to optimize heat treatment processes, since most heat-
related chemical degradation or formation reactions and predominantly also the killing
of microorganisms can be described with the first-order reaction [25–27]. The killing of
microorganisms takes place during heating phase, holding time, and cooling phase. The
holding time is the variable part of heat sterilization. By autoclaving at higher temperatures,
the required F0 value is achieved with a shorter total time. The holding time of the
sterilization process can thus be shortened.

In Table 1, the calculated autoclaving times of the autoclaving schemes A and B were
presented. The duration of the autoclaving procedure according to autoclaving scheme A
was calculated according to the described formulae from the European Pharmacopoeia [4].
The equation used with its respective parameters is described in Section 4.2.2. In auto-
claving scheme B, the calculated F0 time of scheme A was set as the holding time in the
autoclave. Since the heating and cooling phases were added to the holding time, the
autoclaving times for scheme B were significantly longer than for scheme A. Scheme B was
used to investigate whether exceeding the recommended autoclaving time has a significant
influence on the concentration of the resulting degradation products. The bioindicator
Geobacillus stearothermophilus was used to check the effectiveness of killing all spores during
the autoclaving process [28]. The successful killing of the germ during the autoclaving
process was shown in Figure S1 (Supplementary Materials). Subsequently, the GDP con-
centrations obtained from the 10% glucose solutions autoclaved according to scheme A
were compared with those obtained from scheme B for the temperatures 111 ◦C, 116 ◦C,
and 121 ◦C. In addition, marketed 10% glucose solutions from different manufacturers
A–C were analyzed and a validation of the LC-MS/MS method was carried out.

The glucose solutions exposed to scheme A with the shorter autoclaving times show
lower concentration of GDPs (except for 2-KDG) than the glucose solutions autoclaved
according to scheme B (longer autoclaving times). 2-KDG is apparently formed more
preferentially at higher temperatures than at lower temperatures. However, in comparison
from the longer to the shorter autoclaving time, it is more likely to be degraded with longer
heat sterilization than with shorter autoclaving time. This was to be expected, as glucose
degrades by oxidation, hydrolysis and dehydration, as shown in Figure 1. The longer
moist heat is applied to glucose, the greater the proportion of GDPs formed. Comparing
the concentrations of the GDPs at increasing temperatures within scheme A and scheme
B, respectively, it is noticeable that the concentrations of GO and 2-KDG increase slightly
with increasing temperature, whereas the concentrations of MGO, 3-DG/3-DGal, 3,4-DGE
(exception 116 ◦C) and 5-HMF decrease.

Haybrard et al. describe glucose being degraded to 3-DG (and presumably also to its
diastereomer 3-DGal) by enolization and dehydration [1]. From this, in turn, the α -DC
MGO can be formed by breaking of bond (cleavage). Cyclisation of 3-DG (and 3-DGal)
also produces 3,4-DGE. 3,4-DGE dehydrates further to 5-HMF. GO is an intermediate
reactant, which is formed directly from glucose. This reaction sequence suggests that at
higher temperatures and shorter autoclaving times, as shown in scheme A, slightly more
intermediate reactants such as GO are formed from glucose, but all degradation products
that depend on the intermediate 3-DG/3-DGal decrease. This means that enolization and
dehydration of glucose decrease with increasing temperature and shorter autoclaving time.

In general, the concentrations of the GDPs 3-DG/3-DGal, 3,4-DGE, and 5-HMF
(scheme A: 17.4–81.9 µg/mL; scheme B: 37.2–94.0 µg/mL) are many times higher than
those of GO, MGO and 2-KDG (scheme A: 2.5–7.5 µg/mL; scheme B: 5.2–23.1 µg/mL),
which is in line with the description of Haybrard et al. [1]. This means that the enolization
and dehydration of glucose to 3-DG/3-DGal, its subsequent cyclization to 3,4-DGE and the
subsequent dehydration to 5-HMF take place preferentially because they are energetically
favored compared to the formation of GO, MGO and 2-KDG.

The standard autoclaving time of 121 ◦C and F0 = 18 min appears to produce the
lowest levels of 3-DG/3-DGal and 5-HMF, but the highest levels of GO and 2-KDG.
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Almost all GDPs (except 2-KDG) show lower concentrations in scheme A (=shorter
autoclaving time). While GO, MGO, and 3,4-DGE show the significantly lowest concentra-
tions in scheme A at 116 ◦C, the concentrations of 3-DG/3-DGal as well as of 5-HMF are
lowest at 121 ◦C in scheme A. 2-KDG achieved the lowest values in scheme B at 111 ◦C
(Table 4). Furthermore, the concentration of 5-HMF decreases with increasing temperature.

Tao et al. assumed that this is due to the hydrolytic degradation of 5-HMF to levulinic
acid and formic acid [29]. Mannermaa et al. observed that the same applies to Ringer
solutions: the use of the shortest sterilization cycle leads to the lowest 5-HMF concen-
trations in Ringer glucose solutions. Additional studies by Mannermaa et al. showed
that at the same F0 value, the concentration of 5-HMF decreases the most at the highest
temperatures [12–14]. Sturgeon et al. analyzed the breakdown of 10% dextrose solutions
under simulated sterilization conditions. They investigated the autoclaved solutions at
102–132 ◦C and found that at all temperatures of heating, the formation rates of 5-HMF
gradually increased with heating time [30]. We can confirm this finding with our results.
Comparing the concentrations for 5-HMF within the schemes A and B, respectively, we
found that less 5-HMF was formed at higher temperatures where heating was shorter
compared to colder autoclaving temperatures where autoclaving was longer (e.g., 121 ◦C
versus 111 ◦C).

When comparing the self-autoclaved glucose solutions according to scheme A (121 ◦C,
F0 = 18 min) with the industrially produced counterpart of manufacturers A, B, and C, it
is noticeable that generally for manufacturers A–C the values for GO are clearly higher
than our determined values. For MGO, 2-KDG, 3-DG/3-DGal, 3,4-DGE, and 5-HMF, the
10% (w/v) glucose solutions of manufacturers A–C showed significantly lower contents,
regardless of the nature of the vessels. Looking at the 5–50% (w/v) glucose solutions from
manufacturers A–C, we see that all manufacturers have the highest GDP values for GO and
3-DG/3-DGal (Tables 7–9). MGO has the lowest concentrations in all solutions. Compared
to our autoclaved solutions corresponding to scheme A, it is noticeable that we obtain
much lower values of GO in the 10% (w/v) glucose solution, but slightly higher values
for MGO, 2-KDG, and significantly higher values for 3-DG/3-DGal, 3,4-DGE, and 5-HMF.
This may be due to the different autoclaving devices or possibly also additives that the
manufacturers used to adjust the pH of their glucose solutions. In accordance with the
national monograph, we did not use such additives here. The rate-determining step in the
formation of GDPs is not solely dependent on the respective glucose concentration and
this process is not based on a linear reaction mechanism. This can be seen from the fact
that, for example, the 20% glucose solutions from manufacturers A–C do not have twice
the content of GDPs compared to the 10% glucose solution.

The examination of the glucose solutions autoclaved at the standard temperature of
121 ◦C for 350 min (F0 = 202 min) with a significantly longer heat exposure, showed an in-
crease in the concentrations of GO and 5-HMF and a decrease in the concentrations of MGO,
2-KDG, 3-DG/3-DGal, and 3,4-DGE (Table 5). This means that the formation of GO and 5-
HMF is favored with long heat exposure, while the other degradation products decompose.

Regarding the pH values, it can be concluded that the non-autoclaved 10% (w/v)
glucose solution measured at room temperature with pH = 4.976 has a significantly more
acidic pH value than double distilled water (pH = 6.812). A clear trend was seen that
with increasing temperature and also with increasing autoclaving time, the pH becomes
more acidic. Since GDPs have an acidic pH [31,32], it is reasonable to assume that many
acidic GDPs are produced due to the influence of temperature and autoclaving time. The
comparison of autoclaved double-distilled water also showed this trend, which is due to the
fact that CO2 from the air is absorbed and bound by the double-distilled water and carbonic
acid is formed. Mannermaa et al. found, that the pH of the solutions decreases during
sterilization, with the exception of F0 values at 5–15 min [12]. With 20% glucose solutions,
stored at room temperature for 30 days, the pH value decreases by approx. 0.20 units [12].
This is also the same in our study. A possible explanation might be that more GDPs are
formed, which are acidic by their nature. This phenomenon is also observed with longer
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storage times [1]. Haybrard et al. have conducted an analysis of covariance (ANCOVA).
They showed that there is a significant influence of storage time and oxygen permeability
on the formation rates of 5-HMF in sterile glucose solutions for infusion [1]. This is in line
with observations from Kjellstrand et al. who have reported that the most important factor
determining the rate of GDP production during storage was temperature [7]. The GDPs
created by heat sterilization promoted further degradation. They stated, that at a storage
temperature of 20 ◦C and a pH of 3.2, degradation was almost negligible. They found that
after 2 years at 40 ◦C, the concentrations of GDPs produced during storage were of the
same magnitude as those caused by heat sterilization.

The validation of the method presented in this work confirms that the investigated
parameters were all within the required ranges of the ICH guideline. Compared with
the work of Mittelmaier et al. [8], it can be stated that in the present study somewhat
higher values for LOD and LOQ were determined for the GDPs GO, MGO, 2-KDG (LOD:
0.30–1.34 µM, LOQ: 0.90–4.07 µM). When investigating marketed single- and double-
chamber peritoneal dialysis (PD) fluids, Mittelmaier et al. [8] achieved values for LOD from
0.13 to 0.19 µM and for LOQ from 0.40 to 0.57 µM. However, more sensitive detection and
quantification values were obtained for 3-DG/3-DGal as well as for 3,4-DGE and 5-HMF
(LOD: 0.02–0.10 µM and LOQ 0.07–0.32 µM).

A useful factor to add to the assessment of the ideal autoclave condition is the fact of
toxicity. There are many divergent studies on 5-HMF, which examined the possible geno-
toxic or carcinogenic potential of 5-HMF [33]. Janzowski et al. found that 5-HMF induced
moderate cytotoxicity. DNA damage was not measurable. 5-HMF was weakly mutagenic
at concentrations between 80 and 140 mM [34]. This corresponds to a concentration of
10.1–17.7 mg/mL. Ulbricht et al. found that very high levels of 5-HMF exceeding 75 mg/kg
body weight may lead to acute toxicity [35].

According to the German national monograph of glucose solutions for parenteral use,
however, the limits for 5-HMF are significantly lower, with a maximum of 44 µg/mL. Thus,
the possible toxicity level is not reached by far. Although the toxic potential of 5-HMF has
been much discussed in the past, it has been classified as not harmful to health according
to the safety data sheet and by the German Federal Institute for Risk Assessment (BfR) [36].

After classification of the seven investigated degradation products according to EU
Chemicals Regulation (EC) No 1272/2008 [37] it can be stated that especially GO and MGO
were classified as potentially germ cell mutagenic (category 2, H341) and that sensitization
by skin contact (category 1, H317) is possible [18,19]. In addition, for 3,4-DGE there is a risk
of skin corrosion/irritation (category 2) as well as for serious eye damage/eye irritation
(category 2) [38]. For 5-HMF there is a potential irritant effect on the skin (category 2),
H315 as well as for eye irritation (category 2), H319 [39]. 2-KDG, 3DG, and 3-DGal
are not evaluated as hazardous substances or mixtures according to Directive (EC) No
1272/2008 [40–42]. Since a health risk may arise in particular from the GDPs GO and
MGO [18,19], it would be useful to set limits here for the presence of these GDPs in glucose
infusion solutions.

However, we already found approximately 1 µg/mL for GO and MGO in the non-
autoclaved 10% glucose solution that served as reference solution. The fact that a small
amount of glucose is enolized and dehydrated even without heat sterilization (Table 6)
should be further observed due to the different information on toxicity.

Disadvantages for the human health status result mainly from the further reaction
of GDPs in the human body, as it is known that GDPs are highly reactive molecules that
bind to serum proteins and lead to the formation of advanced glycation end products
(AGEs) [1,6,43]. AGEs increase the oxidative stress of cells [44,45] and accumulate in
vessels [11]. They affect the cardiovascular system [44,46–48] and are associated with an
increase in cardiovascular morbidity [49] and strokes [50]. They also play a causative role in
vascular complications of diabetes mellitus [51], Alzheimer’s disease [52], and deterioration
of kidney function [5,10,53].
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4. Materials and Methods
4.1. Reagents and Chemicals

For all experiments, freshly prepared ultrapure water was taken from Sartorius arium®

pro UV water treatment system (Sartorius AG, Göttingen, Germany). All chemicals were
of analytical grade, unless noted otherwise. Acetonitrile, OPD, 2,3-dimethylquinoxaline,
MGO, GO, 2-KDG, 3-DG, 5-HMF, D-(+)-glucose monohydrate, methanol and ammonium
acetate were purchased from Sigma (Sigma-Aldrich Chemie GmbH, Steinheim, Germany).
3-DGal was obtained from Cayman (Cayman Chemical Company, Ann Arbor, MI, USA).
3,4-DGE was purchased from Carbosynth (Carbosynth Ltd., Compton, Berkshire, UK).

The aqueous phase during LC-MS/MS measurement was a 5 mM ammonium acetate
buffer solution adjusted to pH = 3.5 using 0.1% (v/v) acetic acid. It was freshly prepared in
accordance to Thomas et al. [54]. The EZ-Test® [55] Biological Indicator from MesaLabs
was used in order to test sterility.

4.2. Experimental Overview

In order to investigate the effects of heat and exposure time on heat sterilized glucose
solutions, which can lead to different concentrations of GDPs formed, 10% (w/v) glucose
solutions were prepared and heat sterilized according to the F0 concept, which describes the
sum of all lethal effects acting on a population of the key germ Geobacillus stearothermophilus
in the course of heating. Furthermore, the identity and amount of these GDPs were
analyzed using a slightly modified LC-MS/MS method described by Mittelmaier [8].
The autoclaving process was performed in polypropylene (PP) bottles that were heat
resistant up to 121 ◦C. The amounts of GDPs formed in the different temperature/time
constellations were determined and compared, as were the pH values of the autoclaved and
non-autoclaved solutions. In addition, 10% (w/v) aqueous glucose solutions in PP bottles
from a finished drug manufacturer were tested for the presence of GDPs and compared to
the extent of GDPs formed from the self-autoclaved glucose solutions at 121 ◦C.

4.2.1. Preparation of Glucose Solutions

A total of 11 L of a 10% (w/v) glucose solution were prepared according to the German
standard approval monograph [20]. Double distilled water and glucose monohydrate
were used for this purpose. The solution was then sterile filtered through pre-sterilized
Stericup and Steritop® Vaccuum Driven Disposable Filtration System with 0.22 µm filter
membranes (Merck Milipore Express PLUS). Filtration was performed directly into the
final containers, which were sterilized by autoclaving. The final containers to be sterilized
were 225 mL PP bottles (Kautex™), each filled with 200 mL glucose solution.

4.2.2. Calculation of the Required Steam Sterilization Time

The reference cycle for steam sterilization is 15 min at 121 ◦C in saturated steam, with
the temperature measured at the coldest point of the chamber [2]. The calculation of the
sterilization efficiency with the F0 concept was performed by the following equation

F0 = (log N0 − log Nt) ∗
(

D2 ∗ 10
(T2−T1)

z

)
, (3)

which is described in the general text of the European Pharmacopoeia [4].
N0 is the assumed initial germ load of 106. Nt is the target final germ load after the

autoclaving process 10−6. The D2 value of the reference germ Bacillus stearothermophilus
at 121 ◦C is 1.5. The D-value (or decimal reduction value) is the value of a sterilization
parameter (duration or absorbed dose) required to reduce the number of reproducible units
to 10 percent of the initial value. T2 is the standard temperature of 121 ◦C. T1 is the selected
temperature (111 ◦C; 116 ◦C) and z is the temperature change necessary to change the D
value by a factor of 10. The value 10 was assumed for z.

The F0 value thus obtained is now the new autoclaving time at the selected tempera-
ture and for the corresponding germ (= overkill condition). F0 can be described most simply
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as the equivalent time required in minutes at 121 ◦C to produce the same microbiological
killing effect as the process used [56].

The calculated F0 values for the overkill procedure according to scheme A were shown
in Table 1. The total F0 value of a process (unit: minutes) takes into account the heating and
cooling phases of the cycle. The 10% (w/v) glucose solutions calculated and autoclaved in
accordance with the F0 concept (scheme A) were also to be compared with solutions that
were specifically autoclaved for too long (scheme B), in order to investigate not only the
influence of the temperature but also that of the exposure time.

For the calculations of the F0 times of scheme B, the F0 times for heating up and
cooling down the glucose solutions were added to the F0 times from A. This is also shown
in Table 1. Three batches per selected temperature from schemes A and B were autoclaved,
each batch consisting of three bottles, which were processed after cooling. In addition,
three batches with three bottles (n = 9) of 10% (w/v) glucose solution were heat sterilized at
121 ◦C for 350 min (F0 = 202 min). The purpose of this experiment was to investigate an
extreme situation in terms of autoclaving time with respect to the concentrations of GDPs
occurring at the standard temperature of 121◦C. Three bottles of a non-autoclaved 10%
(w/v) glucose solution were also analyzed (reference value).

4.2.3. Autoclaving under Germicidal Control

The Varioklav EC from Thermo Scientific was used for heat sterilization. The 10%
(w/v) glucose solutions in PP bottles were autoclaved at 111 ◦C, 116 ◦C, and 121 ◦C in
their final container. To each autoclave run, an ampoule of EZ-Test® from Mesa Labs
containing the heat sterilization lead germ Geobacillus stearothermophilus, culture 7953, at
a concentration of approximately 1 × 105 to 1 × 106 was added to check for successful
bacterial kill. In addition to the germ Geobacillus stearothermophilus, the ampoule EZ-Test®

contains a nutrient solution based on soybean casein digest, as well as the violet pH
indicator bromocresol purple. The ampoule was placed in another container filled with
water, which was analogous to the final container to be autoclaved (e.g., when autoclaving
the PP bottles, the EZ-Test® was placed in another PP bottle filled with water to mimic the
conditions in the final container to be sterilized).

After the autoclaved EZ-Test® ampoules had cooled in the fume hood for 10 min, the
culture medium and the indicator were activated. For this, the ampoules were placed in an
upright position and gently squeezed to break the glass ampoules by hand. The growth
media was allowed to come in contact with the spores of Geobacillus stearothermophilus.

These ampoules were then placed in an incubator rack in a GFL 3032 incubator and
incubated together with an unsterilized ampoule, which was also crushed. The ampoules
were incubated at 60 ◦C for 24 h and afterwards observed for color change.

4.2.4. Measuring of the pH Values

To evaluate the influence of the pH value on the formation of GDPs formed by heat
sterilization, the pH value was determined in all autoclaved and non-autoclaved glucose
solutions as well as in the control samples.

4.2.5. Preparation of Calibration Solutions

A stock solution containing GO, MGO, 2-KDG, 3-DG, 3-DGal, 3,4-DGE, and 5-HMF,
each with a concentration of 100 µg/mL per GDP, was prepared in bi-distilled water in
amber vials. This stock solution was diluted with bi-distilled water to obtain a concentration
of 2 µg/mL. From this solution, a dilution series was prepared ranging from 0.005 to
0.85 µg/mL. All solutions of the calibration series also contained 0.1 mg/mL glucose, as
well as 0.75 mg/mL OPD and 5 µg/mL of the internal standard 2,3-dimethylquinoxaline.
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4.2.6. Derivatization of Autoclaved Glucose Solutions

The heat sterilized glucose solutions described in Section 4.2.1. and those from the man-
ufacturers A–C were diluted with water in a ratio of 1:1000. The diluted solutions also con-
tained 0.75 mg/mL OPD and 5 µg/mL of the internal standard (2,3-dimethylquinoxaline).

All solutions were left in the dark for 16 h and were subsequently analyzed via
LC-MS/MS. The suitability of the chosen derivatization procedure in terms of OPD con-
centration and derivatization time has been shown elsewhere [57].

4.2.7. LC-MS/MS Analysis

The development of an LC-MS/MS method was based on the process reported by
Mittelmaier et al. [8], which we optimized. Qualitative analysis and structure elucidation
was performed by LC-MS/MS. The respective LC-MS/MS parameters and ion transitions
are shown in Table 14.

Table 14. Parameters of the LC-MS/MS analysis.

ID Q1 [m/z] Q3 [m/z] Dwell Time
[msec] CE [eV] DP [eV] Rt [min]

GO 131.1 76.7 50 40 100 6.95
MGO 145.1 77 50 40 100 7.80

2-KDG 251.1 173.2 50 20 100 3.51
3-DG/3-DGal 235.1 199.1 50 25 100 4.79

3.4-DGE 217.1 169.1 50 20 100 6.37
5-HMF 215.1 197.1 50 25 100 6.46

IS 159.1 118.1 50 40 100 8.48

ID = Identity of analyte, Q1 = Quadrupole 1, Q3 = Quadrupole 3, CE = Collision energy, DP = Declustering Potential, Rt = Retention time.

Liquid chromatography was performed on a Shimadzu Nexera ultra-fast liquid chromato-
graph (UFLC) equipped with an analytical C18 column (Nucleoshell RP 18, 100 mm × 3 mm,
2.7 µm particle size, Macherey-Nagel, Dueren, Germany). The UHPLC system (degasser,
binary pump, autosampler, column oven) was coupled to a SCIEX QTrap6500 triple
quadrupole mass spectrometer (Sciex, Darmstadt, Hessen, Germany) and operated under
positive electrospray ionization (ESI) conditions with a needle voltage of 5500 V at 450 ◦C
and nitrogen as drying gas.

The collision energies were 40 eV for the internal standard (2,3-Dimethylquinoxaline),
MGO- and GO- and 20 eV for 2-KDG- and 3,4-DGE- and 25 eV for 3-DG-, 3-DGal- and
5-HMF-derivatives, respectively. Mobile phase A consisted of a 5 mM ammonium acetate
buffer solution adjusted to pH 3.5 using 0.1% (v/v) acetic acid, and mobile phase B consisted
of acetonitrile. The total flow rate was 0.35 mL/min. The gradient started at 5% solvent B,
remained isocratic for 0.2 min, and increased to 50% B within 10 min. From 10.00 to 10.01 it
increased to 100% B, remaining there for 1 min. The column was re-equilibrated from 11.01
min to 14.00 min at 5% B. The overall run time was 14 min. The injection volume was 5 µL.
System control, data acquisition, and processing were performed by Analyst 1.6.2 software.

4.2.8. Method Validation

To validate the method, all parameters listed in the ICH Q2 (R1) guideline [22] were
considered: Accuracy (reported as percent recovery), precision, linearity, range, limit of
detection (LOD), and limit of quantitation (LOQ) were determined.

In order to calculate the accuracy (reported as% recovery), an unheated 10% (w/v) glu-
cose solution fluid was spiked with 0.5, 25, and 100 µg/mL of each GDP, 5 µg/mL internal
standard (2,3-dimethylquinoxaline) and 0.75 mg/mL OPD (i.e., three concentrations/six
replicates). These samples and an unspiked fluid were analyzed via LC-MS/MS as de-
scribed in Section 4.2.7. after 16 h of derivatization. The mean recovery of three experiments
for each concentration level was determined and expressed as: (GDP concentration-GDP
concentration of the unspiked sample)/added GDP concentration×100% (Table 11). Pre-
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cision was expressed as standard deviation and coefficients of variation (% RSD). Nine
determinations covering the specified range for the procedure (three concentrations/three
replicates each) were made. The mean value, the standard deviation, and the precision
were calculated (Table 11). The LOD was expressed as (3.3 × standard deviation of
the response)/slope of calibration curve and LOQ was expressed as (10 × standard de-
viation of the response)/slope of calibration curve [22]. LOD and LOQ are shown in
Table 10. An eight-point-calibration curve in order to determine linearity was prepared
in three replicates (0.5–100 µg/mL each GDP in water as well as 10% glucose, 5 µg/mL
2,3-dimethylquinoxaline and 0.75 mg/mL OPD). The calibration curve was obtained by
plotting the quotient of the peak areas of the derivatized GDPs and the internal standard
(ordinate) against the concentration of the derivatized GDPs (abscissa). Calibration lines
are shown in Table 10. Linear regression analysis was used to assess the linearity of the
calibration curve. Regression parameters were computed using Excel (Microsoft Office
Professional Plus 2016).

4.2.9. Statistical Analysis

The GDP concentrations that occurred at the three temperatures 111 ◦C, 116 ◦C, and
121 ◦C in scheme A should be compared with the analogously measured GDP concentra-
tions of scheme B in order to test for differences in the mean GDP concentration.

In addition, the standard temperature of 121 ◦C was to be tested against the two
temperatures 111 ◦C and 116 ◦C with respect to the differences in the measured GDP
concentration within scheme A. For this purpose, we used the classical t-test analysis.

The degree of freedom for each of the two-sample tests was 16, since each group
consisted of exactly 9 samples. To account for multiple testing, we calculated Bonferroni-
corrected p-values in addition to the nominal values for each test. All tests were performed
by the use of the statistic software environment R-4.0.2.

5. Conclusions

A previously described LC-MS/MS method for quantitative analysis of GDPs typically
formed during heat sterilization of glucose solutions was slightly modified and validated
according to the ICH Q2(R1) guideline [22]. The modified method was demonstrated to be
precise, sensitive, and reproducible and thus suited to screen and simultaneously quantify
the content of all 7 GDPs.

After analyzing marketed 10% glucose solutions from manufacturers A–C, as well as
10% glucose solutions prepared and autoclaved according to autoclaving schemes A/B, and
taking into account factors such as toxicity, it may be appropriate to change the standard
conditions from 121 ◦C and 15 min to 116 ◦C and F0 = 57 min. The main reason for this
recommendation is that the lowest concentrations of the toxic GDPs GO and MGO occurred
when the autoclaving temperature and duration were changed to 116 ◦C and F0 = 57 min.
In this autoclaving scheme, the concentration of 5-HMF was 31.6 µg/mL, still well below
the limit of 44 µg/mL required by the national monograph.

Another advantage for industry in the large-scale production of glucose solutions
could also be that the proposed new autoclaving temperature of 116 ◦C is 5 ◦C below the
temperature of the reference process, thus possibly saving energy costs. However, the
autoclaving time would also be longer compared to 121 ◦C and 15 min. The actual energy
costs would have to be determined in further trials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14111121/s1, Figure S1: EZ-Test® for the control of germ killing of the lead germ Geobacil-
lus stearothermophilus after heat sterilization, Figure S2: Concentrations of GO after heat sterilization
of 10% glucose solutions at 111 ◦C, 116◦C, and 121 ◦C autoclaved according to scheme A (n = 27),
Figure S3: Concentrations of MGO after heat sterilization of 10% glucose solutions at 111 ◦C, 116 ◦C,
and 121 ◦C autoclaved according to scheme A (n = 27), Figure S4: Concentrations of 2-KDG after heat
sterilization of 10% glucose solutions at 111 ◦C, 116 ◦C, and 121 ◦C autoclaved according to scheme
A (n = 27), Figure S5: Concentrations of 3-DG/3-DGal after heat sterilization of 10% glucose solutions
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at 111 ◦C, 116 ◦C, and 121 ◦C autoclaved according to scheme A (n = 27), Figure S6: Concentrations
of 3,4-DGE after heat sterilization of 10% glucose solutions at 111 ◦C, 116 ◦C, and 121 ◦C autoclaved
according to scheme A (n = 27), Figure S7: Concentrations of 5-HMF after heat sterilization of 10%
glucose solutions at 111 ◦C, 116 ◦C, and 121 ◦C autoclaved according to scheme A (n = 27), Figure S8:
Concentrations of GO after heat sterilization of 10% glucose solutions at 111 ◦C, 116 ◦C, and 121 ◦C
autoclaved according to scheme B (n = 27), Figure S9: Concentrations of MGO after heat sterilization
of 10% glucose solutions at 111 ◦C, 116 ◦C and 121 ◦C autoclaved according to scheme B (n = 27),
Figure S10: Concentrations of 2-KDG after heat sterilization of 10% glucose solutions at 111 ◦C, 116
◦C, and 121 ◦C autoclaved according to scheme B (n = 27), Figure S11: Concentrations of 3-DG/3-
DGal after heat sterilization of 10% glucose solutions at 111 ◦C, 116 ◦C, and 121 ◦C autoclaved
according to scheme B (n = 27), Figure S12: Concentrations of 3,4-DGE after heat sterilization of 10%
glucose solutions at 111 ◦C, 116 ◦C, and 121 ◦C autoclaved according to scheme B (n = 27), Figure S13:
Concentrations of 5-HMF after heat sterilization of 10% glucose solutions at 111 ◦C, 116 ◦C, and
121 ◦C autoclaved according to scheme B (n = 27), Figure S14: Concentrations of GDPs in 10% (w/v)
glucose solutions in PP bottles heat sterilized at 121 ◦C for 350 min (F0 = 202 min) (n = 9).
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Abstract: Tenofovir disoproxil fumarate is widely used in the therapy of human immunodeficiency
virus and hepatitis B virus; however, a high concentration of the prodrug effects kidney function
damage. To control the effectiveness of kidney functions in treated patients, the level of creatinine
in the body must be controlled. This work describes a simple, fast, and “plastic-waste” reducing
method for the simultaneous determination of tenofovir and creatinine in human urine and plasma.
In both assays, only 50 µL of body fluid was required. The tests were carried out by reversed phase
high-performance liquid chromatography with UV detection. In urine samples, the limits of detection
for tenofovir and creatinine were 4 µg mL−1 and 0.03 µmol mL−1, respectively. In plasma samples,
the limits of detection were 0.15 µg mL−1 for tenofovir and 0.0003 µmol mL−1 for creatinine. The
method was applied for the determination of tenofovir and creatinine in human urine and plasma
samples. The biggest advantage of the elaborated method is the possibility to determine tenofovir
and creatinine in one analytical run in both urine and plasma sample collected from HIV and HBV
patients. The possibility to reduce the level of laboratory waste in a sample preparation protocol is in
the mainstream of a new trend of analytical chemistry which is based on green chemistry.

Keywords: tenofovir; creatinine; HPLC-UV; hepatitis B virus; human immunodeficiency virus

1. Introduction

The report presented by the Joint United Nations Program on HIV/AIDS (UNAIDS) in 2018 shows
that 36.9 million people globally are living with human immunodeficiency virus (HIV) [1]. The World
Health Organization (WHO) found that, worldwide, 257.0 million persons were living infected with
hepatitis B virus (HBV) in 2016, and 1.3 million deaths were caused by the virus in 2015 alone. Both
viruses are major public health problems that require an urgent response [2].

HBV infection is caused by the virus belonging to the hepadnavirus family, one of the smallest
viruses known to infect humans. The enveloped DNA virus infects liver cells, causing hepatocellular
necrosis and inflammation [2,3]. HIV infects immune system cells and is able to destroy or impair their
functions [1].

To stop the worldwide transmission of HBV and HIV, the WHO recommends the use of
antiretroviral (ARV) treatment for infected people and the application of ARV drugs to prevent
the mother-to-child transmission of HIV [2–5]. Currently, to treat patients with chronic hepatitis B
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(CHB), HBV or HIV, or people living with HBV-HIV coinfection, seven antiviral agents have been
recommended. One of those is tenofovir disoproxil fumarate, which is an orally available bioactive
prodrug of tenofovir (TFV) [6]. TFV is a nucleotide analog of reverse transcriptase, which is very
effective in therapy against retroviruses and hepadnaviruses [7]. It was approved by the US Food
and Drug Administration for the treatment of infections: HIV in 2001 and CHB in 2008. Currently,
TFV is recommended as one of the first drugs in monotherapy of CHB [8]. Statistical data presented
by the WHO have shown a crucial delay in the progression of cirrhosis, reduction in the incidence
of CHB and improvement of long-term survival in people living with HBV treated with TFV [3].
Generally, TFV is well tolerated. However, some evidence of a decrease in bone mineral density,
changes in kidney functions and in the rate of tubular dysfunction after treatment with TFV has been
reported [9,10]. TFV treatment has been confirmed to be associated with a higher risk of nephrotoxicity
in clinical cohorts [11,12]. Several studies have shown a raised prevalence of proximal renal tubular
dysfunction in TFV-treated patients, attributed to increased intracellular TFV concentrations and direct
mitochondrial toxicity in the proximal tubule cells [13,14].

The first case of nephrotoxicity induced by TFV in a patient with HIV was reported in 2002 [15].
Since that time, severe or symptomatic nephrotoxicity has also been reported in CHB patients treated
with TFV [16–20]. That was proven that even short-term therapy with this drug results in severe renal
dysfunction [20]. Due to the nephrotoxicity of TFV, every initiation of the drug treatment must be
preceded by renal function control. Additionally, more frequent monitoring of TFV level and kidney
functions in TFV-treated patients at higher risk of renal dysfunction is recommended by the WHO [3].

The guideline on TFV monitoring in HBV patients published by the European Liver Research
Association recommends an estimation of glomerular filtration rate (eGFR) before starting the TFV
therapy. The eGFR control is based on comparison of levels of creatinine (Crn) in plasma and urine.
Monitoring of eGFR in all patients treated with TFV every 1–3 months during the first year of treatment
and then every 3–6 months is recommended by the WHO [3,21].

The renal clearance of Crn is one of the most used and commonly accepted tests of renal
function [22]. Since TFV is mainly excreted by tubular secretion and it is active on the tubular cells, its
urinary concentration could be a useful marker of TFV-associated tubular toxicity and a reasonable
candidate for clinical use [21]. Additional tests for Crn concentration in urine and plasma are helpful
to control the bodily absorption, distribution, metabolism and TFV excretion.

Since HIV and HBV infections are possible through blood samples, the use of urine in place of
plasma for body TFV monitoring seems to be safer, more significant and deeply required [2,3,22].
Utilization of urine samples significantly reduces the risk of random infections associated with the
transport, storage or disposal of infected samples compared to plasma. Moreover, for studying the
effect of antiviral therapy on kidney functions, it is necessary to determine the Crn content in urine.

The lack of information about analytical protocols dedicated for simultaneous quantitation of TFV
and Crn indicates the need to develop an essential assay for the measurement of side-effects/interactions
and optimization of treatment protocols of HIV and HBV/CHB patients. In this paper, we present a
new analytical tool based on reversed-phase high-performance liquid chromatography (RP-HPLC)
with UV detection for the direct and simultaneous determination of Crn and TFV in urine samples
collected from CHB patient treated with TFV and plasma samples spiked with this drug.

2. Results

2.1. Chromatpgraphy

RP-HPLC is one of the most common analytical techniques dedicated to biological sample analysis.
The choice of chromatographic conditions directly affects the quality of analyte separation. The
amounts of organic and inorganic solvents in a mobile phase are crucial from the chromatographic,
economic and environmental points of view. To reduce the amount of toxic waste in this analysis, we
decided to use low-concentration phosphate buffer (PB) and a small amount of acetonitrile (MeCN).
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The mobile-phase pH can be a powerful tool to control retention and selectivity. Hence, we studied
concentrations of PB in the range from 0.01 to 0.05 mol L−1 and its pH in the range from 7.0 to 7.6
(Figure 1). The results were obtained using a urine sample spiked with Crn and TFV. The analysis was
performed at 25 ◦C with a mobile phase flow rate equal to 1 mL min−1.

Figure 1. The influence of phosphate buffer (PB) concentration (A) and pH (B) in the mobile phase on
the retention factors of creatinine (Crn) and tenofovir (TFV). Chromatographic conditions in Section 4.5.

In the case of chromatographic methods based on UV detection, utilization of the most proper
wavelengths is crucial for detection of the analyte and the method sensitivity. For this reason, we
considered application of two different wavelengths. Detection was carried out by using 234 nm
from 0 to 3 min for Crn monitoring and 260 nm from 3 to 8 min for TFV detection. Representative
chromatograms of urine and plasma samples have been presented on Figure 2.

Figure 2. Representative chromatograms of: (A) urine, patient’s urine and patient’s urine spiked with
TFV; (B) plasma and plasma spiked with Crn and TFV. Chromatographic conditions in Section 4.5.

2.2. Method Validation

2.2.1. Method Calibration

For method calibration, 50 µL of urine samples were placed in glass vials and spiked with 10 µL of
growing amounts of working standard solution containing the analytes at seven levels of concentration.
The calibration ranges were 10.0–300.0 µg mL−1 urine and 0.1–30 µmol mL−1 urine for TFV and Crn,
respectively. Plasma samples (50 µL) were spiked with the increasing amounts of working solutions
of TFV and Crn to provide the final concentration of TFV from 0.5 to 5 µg mL−1 plasma and for Crn
from 0.001 to 0.04 µmol mL−1 plasma. Then, the samples were processed according to the procedures
described in Section 4.4. The calibration solutions were prepared in triplicate. The calibration curves
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were obtained by plotting the peak areas against the analyte concentrations. Regression equations and
correlation coefficients have been presented in Table 1.

Table 1. Calibration data.

Analyte (n = 3) Linear
Ranges

Regression
Equation R2

RSD (%) Recovery (%)

Min Max Min Max

TFV
(µg mL−1 urine) 10.0–300.0 y = 2.02x + 0.47 0.999 1.1 6.1 96.0 108.0

TFV
(µg mL−1 plasma) 0.5–5.0 y = 4.12x − 0.06 0.999 2.1 8.4 99.0 100.3

Crn
(µmol mL−1 urine) 0.1–30.0 y = 415.88x + 514.96 1.000 0.4 3.1 99.3 111.1

Crn
(µmol mL−1 plasma) 0.001–0.04 y = 1086.71x + 24.19 0.999 0.3 4.9 93.6 107.4

2.2.2. LOD and LOQ

The limit of detection (LOD) and limit of quantification (LOQ) were defined as the concentrations
with a signal-to-noise (S/N) ratio of 3 and 10, respectively [23]. Peaks of the analytes were identified by
comparison of spectrum and retention time with parameters obtained for authentic standards. In the
method dedicated to urine, LODs were 4 µg mL−1 and 0.03 µmol mL−1, while LOQs were 8 µg mL−1

and 0.1 µmol mL−1 for TFV and Crn, respectively. In the method dedicated to the determination of
TFV and Crn in plasma, LODs and LOQs were 0.15 and 0.2 µg mL−1 for TFV and 0.0003 and 0.001
µmol mL−1 for Crn, respectively.

2.2.3. Precision and Accuracy

Precision and accuracy were calculated using the results of the analysis of urine and plasma
samples spiked with known amounts of these analytes, analyzed in triplicate. The procedure followed
the guidelines for biological sample analysis [23,24]. Precision was expressed in terms of relative
standard deviation (RSD), whereas accuracy was considered as the percentage of analyte recovery
calculated by expressing the mean measured amount as a percentage of the added amount. The
estimated validation parameters for analytes were satisfying. The detailed data are presented in
Table 2.

Table 2. Accuracy and precision.

Analyte Concentrations
Precision (%) Accuracy (%)

Intra-Day Inter-Day Intra-Day Inter-Day

TFV
(µg mL−1 urine)

10
40

300

2.3
4.1
1.9

5.8
8.1
4.3

95.9
97.5

100.3

105.7
113.4
96.1

TFV
(µg mL−1 plasma)

0.5
2
5

4.7
4.1
3.7

5.6
3.6
4.5

91.1
91.5
93.3

93.8
93.5
97.2

Crn
(µmol mL−1 urine)

0.1
2.5
30

4.2
1.7
3.7

6.8
5.4
6.1

111.4
100.6
99.3

120.1
104.4
108.9

Crn
(µmol mL−1 plasma)

0.001
0.01
0.04

1.9
0.6
0.5

4.0
5.1
1.4

91.3
100.9
100.7

102.8
99.6
99.3

2.3. Stability Study

To confirm the usefulness of the elaborated method, the analyte stability studies were also
performed. Urine and plasma samples were spiked with known amounts of analytes and prepared
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according to protocols described in Section 4.4. Samples were kept at 4 ◦C—the temperature used
during sample storing—and at 37 ◦C—the temperature close to the human body temperature. Samples
were analyzed in 30 min intervals over 3 h for plasma and 4 h for urine. Urine and plasma samples
dedicated for stability studies were prepared in triplicate. The obtained data are presented in Figure 3.

Figure 3. Stability of Crn and TFV in urine (A) and plasma (B) samples kept at 4 ◦C and 37 ◦C; n = 3
for each time point.

2.4. Urinary Excretion of TFV

The method was applied to control the urinary excretion of TFV in one CHB patient treated with
TFV in form of Viread 123 mg film-coated tablets. Urine samples were collected after one, two, four,
six and eight hours after taking the pharmaceutical dose, prepared in triplicate and analyzed. The
concentration of TFV in each sample was simultaneously normalized to Crn. The obtained results are
presented in Figure 4.

Figure 4. Urinary excretion of TFV after drug intake in dose 123 mg. TFV concentration normalized
against Crn; n = 3 for each time point.
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2.5. Carry-Over Assay

To confirm the possibility of the application of reusable/washed HPLC glass vials, the carry-over
assay was performed. Carry-over was assessed by injecting two blank proxy matrix placed in glass
vials used previously for storage the high concentrated solutions of standards (300 µg mL−1 for TFV
and 30 µmol mL−1 for Crn). No peaks at the retention times of the analytes were found. Since Crn is
an endogenous compound present in human urine, in this experiment we used a proxy matrix as the
blank samples.

3. Discussion

Due to high individual variability of pharmacokinetic in different patients treated with the same
dose of TFV monitoring of TFV level in HIV and HBV patient’s body fluids is recommended by the
WHO [3,25]. The dissimilarity is related to the quality and speed of metabolism and interactions
between drugs. TFV concentration in plasma affects its action in the human body. Too low a level of
the drug may lead to immunization of the virus, while too high concentration significantly increases its
renal toxicity [9,10]. Monitoring of TFV in HIV patients is required in controlling the therapeutic dose
and in relation to the control of normal renal functions [26,27]. In patients with impaired renal function,
it is necessary to adjust the dose of the drug, due to its potential toxicity. The control is performed by
Crn clearance study [28,29].

Testing of TFV level in human peripheral blood might be painful for patients and carries the risk of
additional HIV/HBV infections. Methods created for TFV determination in non-infected matrices, such
as urine [28,30] or hair [31,32], do not provide the possibility for simultaneous monitoring concentration
of Crn. Previously published reports mainly described methods for the determination of TFV in
plasma [25,26,29,33–40], which determines a higher risk of infection. These assays were based on a
solid phase extraction [35,41–43] or derivatization [37].

Additional steps in analytical protocols usually increase the number of used tubes, tips,
polypropylene vials or columns for solid phase extraction. We proposed the preparation of urine
samples directly in HPLC glass vials. To confirm if this can produce a carry-over effect, we performed
an additional test. Using the same glass vial for the analysis of standard solutions and next for
proxy matrix analysis, we did not observe peaks at the retention times of the analytes in the blank
samples. Additionally, precision and accuracy presented in Table 2 show the low possibility of a
carry-over effect for the method. We confirmed that even at the highest concentration, there were
no adsorption issues related to glass and it was possible to evaluate the LOQ level. This indicates
that the goals of the reduction in plastic waste and the possibility to reuse the glass vials have been
obtained. In the literature, only two methods are known to be useful for the determination of TFV
in urine samples [28,30]; however, none of these allow for the determining of Crn. For decreasing
the hazardous properties of the matrix collected from HIV or HBV/CHB patients, analysis of urine
samples is more desirable. The acquisition and preparation of urine are safer and do not pose a threat
of HIV infection.

Previously described assays dedicated for TFV determination are based on RP-HPLC, usually
coupled with mass spectrometry [25,29,32,37,39,40]. Methods requiring commonly available detectors
such as spectrophotometric [35,36] or spectrofluorimetric [33,34] detectors are used rarely.

To obtain the most acceptable results of chromatographic separation, various analytical columns,
including Aeris WIDEPORE XB-C18 (150 × 4.6 mm, 5 µm), Poroshell (75 × 4.6 mm, 2.7 µm), Kinetex
HILIC (100 × 4.6 mm, 2.6 µm) and Zorbax SB C-18 (150 × 4.6 mm, 5 µm) were tested. The choice was
based on information that Aeris WIDEPORE column enables the analysis of plasma samples without
previous deproteinization [44]. HILIC is one of the most commonly applied methods to solve retention
problems of highly polar analytes [45]. Due to the high polarity of the tested compounds, we evaluated
the use of a HILIC column. A typical mobile phase for HILIC chromatography includes water-miscible
polar organic solvents such as MeCN with a small amount of water [45]. Alcohols can also be adopted,
although a higher concentration is needed to achieve the same degree of retention of the analyte relative
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to an aprotic solvent–water combination [46]. HILIC separations are performed either in isocratic mode
with a high percentage of organic solvent or with gradients starting with a high percentage of organic
solvent and ending with a high proportion of aqueous solvent [47]. To obtain the best resolution of the
analytes for each column, several mobile phase variations were investigated, and initially the effect of
organic modifiers such as methanol and MeCN was evaluated. Our aim was to obtain sharp peaks
within an acceptable analysis time and to minimize the amount of organic modifier in the mobile
phase. The best separation with the symmetrical peak shapes was performed using the Zorbax SB
C-18 (150 × 4.6 mm, 5 µm) column. To provide optimal separation between eluted compounds, MeCN
was selected as an organic modifier and the gradient mode of separation was performed.

To the best of our knowledge, the HPLC-UV method described herein is the first that makes it
possible to determine both Crn and TFV in urine or plasma samples in one analytical run. The total
time for urine sample preparation and analysis is less than 10 min, and is shorter than in previous
assays [25,30,35,36]. The proposed assay provides quick determination of TFV and simultaneous
normalization against Crn concentration. This significantly shortens the entire time of the analytical
procedure. The proposed analytical conditions allow good separation of analytes from the matrix
components. For Crn, the retention time was 2.3 min, and for TFV, it was 4.5 min. Detection was
carried out by using two different wavelengths in one analytical run. The gradient of wavelengths
improved specificity and sensitivity of the method.

The proposed analytical procedure has been fully validated. The process was based on
recommendations of the EMA Guideline on Bioanalytical Method Validation (2015) [23] and the
FDA Guidance for Industry Bioanalytical Method Validation (2018) [24]. The obtained data meet the
validation requirements (Tables 1 and 2). To confirm the precision and accuracy of the elaborated assay,
we have compared parameters of the new assay to methods published before, using data indicated for
urine and plasma samples (Tables 3 and 4). As shown in Tables 3 and 4, the obtained validation data are
satisfying. The presented method requires only 50 µL of the sample, while in the previously published
methods, much higher volumes of urine or plasma (Tables 3 and 4) were demanded [30,35,36,38].

Table 3. Comparison of validation parameters methods for determination of TFV in urine sample.

Parameters LC-DAD * [30] LC-MS * [28] Proposed Method

Sample volume (mL) 0.5 1.0 0.05
Linear range (µg mL−1) 1–100 - 10–300

R2 0.999 0.999 0.999
LOD (µg mL−1) 0.14 0.19 4.0
LOQ (µg mL−1) 0.42 0.39 8.0

Intra-day (RSD%) 0.54 6.69 2.8
Inter-day (RSD%) 0.89 9.38 6.1

* The method cannot be applied for the determination of creatinine in urine samples.

Table 4. Comparison of validation parameters methods for determination of TFV in plasma sample.

Parameters LC-DAD * [35] LC-UV * [36] Proposed Method

Sample volume (mL) 0.1 1.00 0.05
Linear range (µg mL−1) 0.02–10.0 0.01–4.0 0.5–5

R2 0.999 - 0.999
LOD (µg mL−1) 0.02 0.003 0.15
LOQ (µg mL−1) 0.06 0.01 0.5

Intra-day (RSD%) 3.8 5.9 3.7
Inter-day (RSD%) 4.6 8.6 5.6

* The method cannot be applied for the determination of creatinine in plasma samples.
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The sensitivity of our assay is lower when compared to previously elaborated methods (Tables 3
and 4); however, we must remember that Crn as a breakdown product of creatine phosphate from
muscle and protein metabolism is a typical metabolite present in the human body [21,22]. TFV is a
drug administered to HIV and HBV patients. In patients treated with this drug, both compounds are
present in quite high concentrations [21,22]. As it was indicated in a previously published method
dedicated to the determination of TFV in urine samples, the concentration of the drug was in the
range from 0.453 to 43.576 µg mL−1 [28]. These data show that our method would be useful for the
analysis of those samples and confirm that higher sensitivity would be more required in the case of
trace analytes. For this reason, we decided to pay more attention to making it possible to determine
both TFV and Crn in one analytical run. That can help us to observe the negative influence of the drug
on kidney functions.

For the stability studies, urine and plasma samples were prepared according to the protocols
described in Section 4.4. The experiments have proven that TFV and Crn are stable over 180 min in
plasma and 240 min in urine at 4 and 37 ◦C without a noticeable change in the concentration in both
cases (Figure 3). RSD for Crn in plasma samples store at 40 and 37 ◦C was 2.0% and 2.6%, and for TFV,
it was 4.7% and 4.5%, respectively. In the case of urine samples kept at 4 and 37 ◦C, RSD for Crn was
0.4% and 1.0%, and for TFV it was 0.2% and 0.4%, respectively.

The newly elaborated analytical method was used to analyze urine samples collected from CHB
patient treated with 123 mg drug dose. The study was mainly focused on the verification of TFV
pharmacokinetic. The obtained results clearly indicate that the largest amount of TFV was excreted
within 2 to 4 h after taking the drug, and gradually decreased to the eighth hour (Figure 4). Eight hours
after the drug was administered, the amount of TFV became constant. It must be highlighted that
having a limited number of patients, we cannot provide statistical data to discuss and clearly show a
good trend of urinary TFV excretion. However, the validation data clearly indicate that the elaborated
method would be useful to carry out this kind of study.

4. Materials and Methods

4.1. Chemicals

TFV and Crn standards were received from Sigma Aldrich Company (St. Louis, MO, USA). HPLC
gradient grade MeCN, sodium hydrogen phosphate heptahydrate, sodium dihydrogen phosphate
dihydrate and sodium hydroxide were from J.T. Baker (Deventer, The Netherlands). Perchloric acid
was from Merck (Darmstadt, Germany). Deionized water was produced in our laboratory.

4.2. Instrumentation

The analyses were performed on 1220 Infinity LC system from Agilent equipped with a binary
pump integrated with a two-channel degasser, autosampler, column oven and diode array detector.
The samples were injected using the autosampler. Chromatographic separation was achieved on the
Zorbax SB C-18 (150 × 4.6 mm, 5 µm) column from Agilent Technologies (Waldbronn, Germany).
For instrument control, data acquisition and analysis, OpenLAB software was applied. Water was
purified using Milli-QRG system (Millipore, Vienna, Austria). For pH measurement, an HI 221 (Hanna
Instruments, Woonsocket, RI, USA) pH meter was used. Precipitated proteins were removed from the
sample using Hettich Mikro 200R (Hettich Zentrifugen, Tuttlingen, Germany) centrifuge.

4.3. Stock Solutions

Stock solution of 0.3 mg mL−1 TFV was prepared in 0.1 mol L−1 NaOH [35] and kept at 4 ◦C for
several days without significant changes in the analyte content. A stock solution of Crn 30 µmol mL−1

was prepared in deionized water and kept at 4 ◦C for several days as well. The working solutions were
prepared by dilution with deionized water as needed.
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4.4. Biological Matrices

The urine samples were collected both from healthy people and from CHB patients treated with
TFV in the form of Viread 123 mg film-coated tablets. Optimization of analytical conditions were
performed on plasma and urine samples collected from healthy volunteers. All samples were stored at
−80 ◦C.

Written informed consent forms were obtained from all volunteers and this study was approved
by the Bioethics Committee of the University of Lodz (12/KBBN-UL/I/2015).

4.4.1. Urine Sample Preparation

To reduce the amount of laboratory waste, such as polypropylene tubes or tips, urine samples
were prepared directly in reusable HPLC glass vials. For the determination of TFV and Crn to 50 µL of
urine, 450 µL of 0.015 mol L−1 (pH 7.4) PB was added. Ten microliters of the final analytical solution
was injected into the chromatographic column.

4.4.2. Plasma Sample Preparation

The samples were prepared in polypropylene tubes. Fifty microliters of plasma was diluted
with 380 µL of 0.015 mol L−1 (pH 7.4) PB and spiked with 10 µL of increasing concentrations of TFV.
To precipitate plasma proteins, 50 µL of 3 mol L−1 perchloric acid was added into the tube. Next,
an appropriate amount of deionized water was added to obtain the final volume of 500 µL. The
precipitated proteins were removed by centrifugation (15,000× g, 10 min, 10 ◦C). Ten microliters of the
supernatant was injected into the chromatographic column.

4.5. HPLC Conditions for the Determination of TFV and Crn

4.5.1. Urine Analysis

For chromatographic separation of TFV and Crn in urine, a reversed-phase Zorbax SB C-18 (150
× 4.6mm, 5 µm) column was applied. The analytes were eluted by a mobile phase containing 0.015
mol L−1 PB, pH 7.4 and MeCN using gradient as follows: 0–6 min 2–4% MeCN, 6–7 min 4–2% MeCN,
7–8 min 2% MeCN. The flow rate of the mobile phase was 1 mL min−1. For the detection of TFV
and Crn, two different wavelengths were used—260 and 234 nm, respectively. The total time of the
chromatographic analysis was 8 min. For the column reconditioning, 2 min post time was required.
The analysis was performed at 25 ◦C.

4.5.2. Plasma Analysis

The chromatographic separation of TFV and Crn in plasma was obtained in 6 min. The analytes
were eluted using isocratic elution with the mobile phase containing 98% of 0.015 mol L−1 PB pH 7.4
and 2% MeCN. The flow rate of the mobile phase was 1 mL min−1. Similarly to urine analysis, for the
detection of TFV and Crn, we used the following wavelength gradient: 0.0–2.5 min 234 nm for Crn and
2.5–6.0 min 260 nm for TFV. The column temperature was 25 ◦C. Identification of TFV and Crn peaks
was based on the comparison of spectrum and retention time of signals with corresponding set of data
obtained for authentic compounds.

5. Conclusions

For monitoring an adverse reaction of TFV, new analytical tools based on simultaneous separation
and quantitation of TFV and Crn in urine and plasma samples have been developed. These assays allow
a direct study of correlation between TFV concentration in plasma and urine and an indirect study on
the influence of TFV therapy on kidney damage. The assays were fully validated and successfully
applied to test urine samples donated by CHB patients treated with TFV administrated as Viread
123 mg.
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The most important reason for the application of our assay in laboratories is the possibility to
determine TFV and Crn in one analytical run in both urine and plasma samples. The other advantages
of the assay, such as (i) the possibility for normalization of the drug concentration against Crn, (ii) a
small plasma or urine volume required for analysis, (iii) the total time of the assay for urine analysis
less than 10 min, (iv) a reduced amount of laboratory waste, such as tubes/tips/polypropylene vials,
and (v) reduction in the amount of toxic organic solvents in the mobile phase, are the added values of
the method. The elaborated procedures can be applied for the analysis of samples collected from HIV
and HBV/CHB patients and are in the mainstream of new trend of analytical chemistry which is based
on green chemistry.
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Abstract: The aim of this study was to accurately determine the profile of polyphenols using
the highly sensitive LC-DAD-ESI-QTOF-MS/MS technique and to determine in vitro antioxidant
activity, the ability of inhibition of α-amylase, α-glucoamylase, and pancreatic lipase activity,
and antiproliferative activity in leaves, flowers, roots, and stalks of medical plant Sanguisorba officinalis
L. The results of the analysis of the morphological parts indicated the presence of 130 polyphenols,
including 62 that were detected in S. officinalis L. for the first time. The prevailing group was
tannins, with contents ranging from 66.4% of total polyphenols in the flowers to 43.3% in the stalks.
The highest content of polyphenols was identified in the flowers and reached 14,444.97 mg/100 g d.b.,
while the lowest was noted in the stalks and reached 4606.33 mg/100 g d.b. In turn, the highest
values of the antiradical and reducing capacities were determined in the leaves and reached 6.63
and 0.30 mmol TE/g d.b, respectively. In turn, a high ability to inhibit activities of α-amylase and
α-glucoamylase was noted in the flowers, while a high ability to inhibit the activity of pancreatic lipase
was demonstrated in the leaves of S. officinalis L. In addition, the leaves and the flowers showed the most
effective antiproliferative properties in pancreatic ductal adenocarcinoma, colorectal adenocarcinoma,
bladder cancer, and T-cell leukemia cells, whereas the weakest activity was noted in the stalks. Thus,
the best dietetic material to be used when composing functional foods were the leaves and the flowers
of S. officinalis L., while the roots and the stalks were equally valuable plant materials.

Keywords: in vitro biological activity; bioactive compounds; morphological parts; medical plant

1. Introduction

The interest in alternative plants with a health-promoting potential has been growing in recent
years not only in the pharmaceutical and cosmetic industries but also in the food industry where they
are expected to contribute to the design of novel functional food. Therefore, it is believed that various
morphological parts of Sanguisorba officinalis L. represent a good source of compounds exhibiting the
aforementioned properties [1].
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S. officinalis L. (great burnet or burnet bloodwort) is a species belonging to the Rosaceae family.
It grows wild in Asia and Europe (except for the northern regions [1,2]. This melliferous, perennial plant
usually occurs on arid and semi-arid grasslands and blooms from June till September. Its shoots can
grow up to ca. 1.2–1.5 m. S. officinalis L. is resistant to frost as well as to diseases. It has been used
for culinary purposes as an additive to salads and in animal feeding as an additive to feed mixtures
due to its high nutritional value [3]. However, in folk medicine of both the Far East and Europe,
S. officinalis L. was used as an herbal medicine in relieving inflammation, controlling external and
internal bleeding, in the treatment of ulcers, burns, eczema, acne, as well as diarrhea [4,5]. In turn,
the available experimental data prove a number of its biological properties, e.g., anti-inflammatory [3],
anticancer [6], antiviral [7], antioxidant [1], prevention of the Alzheimer’s disease [3], and anti-wrinkle
effects. [8]. In addition, the above studies have shown that all the biological properties exhibited by this
perennial plant are due to a broad range of its bioactive compounds such as phenolic acids, tannins,
flavonoids, triterpenes, and polysaccharides [1,3–8]. The richness of these compounds is sought in
alternative plant sources that could be used in the treatment and prevention of many diseases and
even as a dietary component [9].

Considering a number of biological properties of S. officinalis L., this plant has a high nutraceutical
potential. However, there are a few reports on the profile and content of secondary metabolites in all of
its morphological parts, which may differ and therefore exhibit various properties. Thus, research was
undertaken into the accurate characterization of flowers, leaves, stalks, and roots in terms of the
profile and content of polyphenols using the highly sensitive LC-DAD-ESI-QTOF-MS/MS technique.
Analyses were also conducted to determine the in vitro antioxidant, antiproliferative, and antidiabetic
activity for the individual morphological parts of S. officinalis L. This study aims to provide valuable
information about differences in contents of bioactive compounds and their biological properties in the
flowers, leaves, stalks, and roots of S. officinalis L., which will be used to compose not only functional
foods but also nutraceuticals in the future.

2. Results and Discussion

2.1. Identification of Polyphenolic Compounds

The present study involved a thorough identification of the profile of bioactive compounds in
extracts from leaves, flowers, stalks, and roots of Sanguisorba officinalis L. plant with the use of an
ultrasensitive LC-DAD-ESI-QTOF-MS/MS method in the negative and positive ion mode. In total,
130 compounds were identified in extracts from the selected morphological parts of S. officinalis L.,
including 77 hydrolyzable tannins, 9 sanguiins, 3 sanguisorbic acids, 13 phenolic acids, 6 anthocyanins,
12 catechins and proanthocyanidins, and 9 flavonols, as well as 1 triterpenoid saponins (Table 1;
Figures S1–S4). In turn, 62 compounds were identified in S. officinalis L. for the first time ever,
including 42 hydrolyzable tannins, 5 sanguiins, 8 phenolic acids, 2 anthocyanins, 1 proanthocyanidins,
and 3 flavonols as well as 1 triterpenoid saponins. Peaks were identified based on the determined
exact molecular weights, peak retention times, primary ions from MS fragmentation, and comparison
of data obtained with commercial standards and literature findings (Table 1). However, the profile of
the compounds examined was strongly dependent on the morphological part of the plant, since 70, 76,
66, and 62 compounds were identified in the flowers, leaves, roots, and stalks, respectively.

The prevailing group of polyphenolic compounds were hydrolyzable tannins belonging to the
family of tannins and being hydrolyzed conjugates that contain one or more hexahydroxydiphenoyl
(HHDP) groups, thus leading to the esterification of sugars, glucose in particular. During fragmentation
of the primary ions, losses observed were typical of these compounds and involved losses of galloyl,
hexahydroxydiphenoyl, gallic acid, HHDP glucose, galloyl-glucose, and galloyl-HHDP-glucose
residues with 152, 302, 170, 482, 332, 634 Da, respectively. Additionally, fragments were noted at
m/z 169 and at m/z 301 formed through lactonization of the characteristic hexahydroxydiphenoyl
group to ellagic acid. These compounds comprise typical galloyl and HHDP groups, respectively,
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which have earlier been described in the available literature [1–3,9–11]. Furthermore, if ellagitannin
or galloyl derivates are composed of one or a few galloyl groups taking part in sugar synthesis,
the fragmentary ion first discards a molecule of gallic acid and then a galloyl group or groups during
fragmentation [10]. Among the 77 compounds, only 36 had previously been identified in S. officinalis L.,
and they all were methyl-6-O-galloyl-β-d-glucopyranoside (peak 17, 64; m/z 345), pedunculagin1 (18,
23, 29; m/z 785), galloyl-HHDP-glucose otherwise called corilagin isomer (25, 44, 55; m/z 633),
di-galloyl-glucoside (37; m/z 483), methyl-4,6-digalloyl-β-d-glucopyranoside (50, 62, 71, 88; m/z 497),
HHDP-galloyl-glucose (53; m/z 633), ellagic acid pentoside (60, 99; m/z 433), ellagic acid hexoside
(67, 68, 102; m/z 463), di-galloyl hexoside (72, 118; m/z 483), galloyl-bis-HHDP-glucose otherwise
called potentilin/casuarictin isomer (84, 85, 95, 97, 104, 106; m/z 935), lambertianin C (86; m/z 1401),
ellagic acid (108; m/z 300.99), trigalloyl-HHDP-glucose (92, 114; m/z 937), trigalloyl-β-D-methyl
glucoside (115; m/z 649), 3,3′,4′-O-trimethyl ellagic acid (127, 128; m/z 343), and 3,4′-O-dimethyl
ellagic acid (129, 130; m/z 329) [2,3,12]. In turn, 16 compounds had earlier been detected and
identified in flowers and fruits of Punica granatum but in this study were for the first time
detected in the morphological parts of S. officinalis L. These compounds were referred to as:
2,3-HHDP-(α/β)-glucose (1; m/z 481), HHDP-hexoside(2,3-(S)-Hexahydroxydiphenoyl-d-glucose)
(2, 4; m/z 481), HHDP-hexoside(1-galloyl-2,3-hexahydroxydiphenoyl-α-glucose) (3; m/z 481),
galloyl-hexoside(β-glucogallin) (5; m/z 331), galloyl-hexoside (7–10, 13; m/z 331), di-HHDP-glucoside
(34; m/z 783), di-galloyl-HHDP-glucose (14, 56, 66; m/z 785), galloyl-HHDP-hexoside (77; m/z 633),
and pentagalloyl-glucoside (111; m/z 939) [10,13]. Another 6 compounds belonging to the group
of hydrolyzable tannins were detected during identification of Duchesnea indica and they were:
di-HHDP-glucose also known as pedunculalagin isomer (15, 20, 24, 26, 27, 30; m/z 783) [14]. However,
12 subsequent compounds were identified and determined based on their main ion and MS/MS
fragmentation as β-1-O-galloyl-2,3-(S)-HHDP-d-glucose (28; m/z 633), methyl ellagic acid-pentoside
(35; m/z 477), HHDP-NHTP-glucose (47, 51; m/z 933), castalagin/vescalagin isomer (58, 70, 79,
81, 98, 110; m/z 933), HHDP-NHTP-glucose-galloyl-di-HHDP-glucose (cocciferind2) (82; m/z 933),
and tetragalloyl-glucose (100; m/z 787). They had earlier been detected in various plant materials like
Castanea sativa Miller, Quercus suber L., Betula pubescens, raspberry fruits, and oak [15–18]. However,
8 compounds were identified for the first time ever. Compound No. 6 was tentatively identified as
galloyl-pentoside based on the primary ion at m/z 301 and the loss of the pentose group (132 Da) giving
a peak at m/z 169. Compound No. 49 was tentatively identified as HHDP-glucose based the primary
ion at m/z 481 and MS/MS fragment at m/z 301. In the case of compound No. 54, the primary peak was
at m/z at 345 due to the loss of a 176 Da residue that resulted in a peak formed at m/z 169, which was
tentatively identified as galloyl-glucoronide. Compounds No. 73 and 74 were tentatively identified
as eucaglobulin based on the primary ion at m/z 497 and MS/MS fragmentary ions revealing peaks
at m/z 345, 327, 313, 183, and 169. In turn, compounds No. 93 and 94 were tentatively described as
ellagic acid-hexoside-pentoside based the primary ion at m/z 595 and its fragmentation ions at m/z
433 and 301 due to the loss of a hexose residue (162 Da) and a pentose residue (132 Da). Finally,
compound No. 113 was tentatively identified as methyl galloyl-glucoside based on the primary peak
at m/z 345 and the loss of a glucosyl residue (162 Da), yielding a base peak at m/z 183.

Another described class of polyphenolic compounds belonging to hydrolyzed tannins were
sanguiins. Among the 9 identified compounds, only 4 had earlier been detected in S. officinalis L.
as sanguiin H-6 (11, 89; m/z 1870), sanguiin H-4 (41; m/z 633), and sanguiin H-10 isomer (48; m/z 783) by
Karkanis et al. [3] and Zhu et al. [2], whereas the other 5 were never identified, as shown by literature
data. Therefore, based on the primary peak at m/z 785 and MS/MS fragmentation peaks at m/z 633 and
301, and due to the loss of 152 and 332 Da groups, compounds No. 65, 69, and 96 were tentatively
identified as sanguiin H-1. In turn, compounds No. 119 and 122 were tentatively identified as sanguiin
H-7 and sanguiin H-7 isomers considering their primary ion at m/z 801 and fragmentation peaks at m/z
649 and 301 resulting from the loss of 152, 332, and 16 Da.
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In contrast, sanguisorbic acids, belonging to the hydrolyzed tannins, also have been previously
defined for these plants by Zhu et al. [2] as sanguisorbic acid dilactone (9, 12; m/z 469) and sanguisorbic
acid glucoside (52; m/z 667). These compounds were determined only in the leaves, stalks, and roots
of S. officinalis L. Moreover, 1 sanguisorbigenin, belonging to the triterpenoid saponins, was detected
during identification P. granatum [12].

UV detection at the characteristic absorption maximum between 310 and 330 nm [19] showed the
presence of 13 hydroxycinnamic acids in flowers, leaves, and stalks in the case of which the esterification
of their quinic acid residue occurs at positions 3, 4, and 5, but not at position 1 [19]. Of these, 5 were
identified early in S. officinalis as caffeoylquinic acid (16, m/z 353), 3-O-caffeoylquinic acid (19; m/z 353),
3-O-p-coumaroylquinic acid (32; m/z 337), 5-O-caffeoylquinic acid (42; m/z 353), and 3-O-feruloylquinic
acid (78; m/z 367) [12]. However, 4 more were previously identified in other botanical sources like
Eryngium alpinum L. and Chrysanthemum as rosmarinic acid (33; m/z 359), disuccinoyl-caffeoylquinic
acids (116; m/z 553), and 3,5-dicaffeoylquinic (120, 121; m/z 515), however, for the first time in S. officinalis
L., compounds No. 123–125 were tentatively identified as caffeoyl dihexoside based on the highest
peak at m/z 505 and its fragmentation yielding peaks at m/z 341 and 179 due to the loss of 2 hexose
residues (162 + 162 Da). What is more, these compounds were also described for the first time ever in
morphological parts of S. officinalis L.

Anthocyanins are natural plant pigments occurring in the plant kingdom. They were identified in
the positive ion mode because they bear a positive charge and easily donate protons to free radicals
under ESI conditions. In turn, their detection was carried out at the typical absorption maximum
between 440 and 540 nm [10,20]. Among the tentatively identified 6 anthocyanins, that were detected
only in the flowers, only 4 were earlier determined in S. officinalis L. as cyanidin 3,5-diglucoside (21;
m/z 611), cyanidin 3-O-glucoside (46; m/z 449), and cyanidin 3-malonylglucoside (76, 90; m/z 535) [12].
The other 2 compounds were described based on previous information about fragmentation of
pomegranate and grape berry skin [13,21] as cyanidin 3-O-rutinoside (87; m/z 595) and cyanidin
3-(6-O-acetyl)-glucoside (91; m/z 491).

Flavan-3-ols occur as monomers, oligomers, and polymers formed by linking to (epi)catechin
monomers via interflavonoid bonds (C–C) [22]. Their fragmentation proceeds through the loss of a
(epi)catechin unit with a molecular weight of 289 Da. The identified proanthocyanins occurred
as catechin dimers, trimers, and tetramers and were identified as A and B procyanidins [22].
These 11 compounds were characterized based on available standards and the latest research works
addressing S. officinalis L as (+)-catechin and (−)-epicatechin (31, 40; m/z 289), B-type (epi)catechin
dimmer (36, 38, 39, 63, 83; m/z 577), B-type (epi)catechin trimmer (43; m/z 865), and B-type (epi)catechin
tetramer (57, 59, 80; m/z 1153) [2,3]. In turn, compound No. 74 was tentatively identified as a A-type
(epi)catechin tetramer at m/z 1153 and the base ion at m/z 289. Although it was earlier detected in black
soybean [23], it was described in S. officinalis L. for the first time ever.

Flavonols were identified as derivatives of taxifolin, kaempferol, and quercetin based on the
base fragments at m/z 300, 285, and 301. UV detection of flavonols revealed characteristic absorption
maximum between 315 and 359 nm, and some of the identified compounds had additional peaks
between 207 and 280 nm [24]. Besides, derivatives of these compounds are usually detected at
positions C-7 and/or C-3. Fragmentation of the primary ions resulted in losses of hexose (162 Da),
pentose (146 Da), and deoxyhexose (308 Da) [24]. Of the 9 flavonols initially suggested for S.
officinalis L., only 6 have previously been described for this species as quercetin-3-O-glucoside
(45; 463), quercetin-3-O-(6′′-galloylglucose) (101; m/z 615), taxifolin-7-O-β-d-glucopyranoside (103;
m/z 465), quercetin-3-O-glucuronide (109; m/z 477), quercetin-3-O-acetyl glucoside (112; m/z 505),
and kaempferol-3-O-glucuronide (117; m/z 461) [2,3,12]. In turn, 3 compounds have not been previously
described according to the available literature. Compound No. 61 was tentatively identified as
kaempferol-di-O-rhamnoside based on the primary peak at m/z 577 and fragmentation peaks at m/z
431 and 285 due to the loss of two rhamnoside residues (146 + 146 Da). Another compound (103) was
tentatively described as quercetin-glucoside-dirhamnoside based on the primary peak at m/z 755 and
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fragmentation peaks at m/z 609, 463, and 301 due to the loss of two rhamnose residues and one glycosyl
residue. Finally, compound No. 107 was tentatively presented as quercetin rhamnosyl-rutinoside
based on the primary peak at m/z 755 and fragmentation peaks at m/z 609 and 301.

2.2. Quantification of Polyphenolic Compounds

The content of polyphenols in the analyzed morphological parts of S. officinalis L. is shown in
Table 2. The highest content of bioactive compounds was determined in the flowers, it reached
14,444.97 mg/100 g d.b. and was 1.5, 1.7, and 3.2 times higher than in the leaves, roots, and stalks,
respectively. In turn, the content of polyphenols in the leaves + stalks of Sanguisorba minor Scop.
was comparable to the content of these compounds in S. officinalis L., while the roots of S. minor Scop.
were 4 times more abundant in the studied compounds than the roots of S. officinalis L. [3]. In turn,
the sum of polyphenols analysed in the roots of the same species from Korea was 2 times lower than
in the roots of plants grown in Poland. However, the extract from S. officinalis L. cultivated in China
contained 3150 mg GAE/100 g dry weight polyphenols, which was 4.9, 3.2, 2.8, and 1.5 times lower
compared to the flowers, leaves, roots, and stalks of the same species growing in Poland. The content
of polyphenols in the leaves of green and white tea was 67.21 and 40.94 mg/g d.b. and was 1.5 and
2.4 times lower than in the leaves of the studied species, respectively [25]. Total content of polyphenols
analyzed in the flowers, leaves, roots, and stalks of S. officinalis L. was 8.2, 8.4, 7.8, and 8.4 times higher,
respectively, compared to edible flowers of Allium schoenoprasum (Liliaceae), Salvia pratensis (Lamiaceae),
Sambucus nigra (Caprifoliaceae), Taraxacum officinale [26]. However, according to Zeng et al. [27] the
contents of bioactive compounds in the flowers of green and black tea of Camellia sinensis were 2.4
and 5.4 times lower, respectively, compared to the flowers of S. officinalis L. Moreover, the content
of bioactive compounds in the flowers and the leaves of Punica granatum L. was 2.2 and 6.7 times
lower, respectively, than in the same morphological parts of S. officinalis L. [28]. In addition, the content
of compounds tested in the leaves and the stalks of Fallopia japonica was 1.7 and 2.3 times lower,
respectively, while their content in the roots of F. japonica was similar to S. officinalis L. [9]. The differences
in the contents of polyphenolic compounds among individual species can be affected by various
factors, such as the place of cultivation, climate, environmental conditions, and also the method of
extraction and analysis [29]. Thus, the tested material is characterized by a high content of compounds
exhibiting a number of biological properties and can be used to compose not only nutraceuticals in the
pharmaceutical industry but also to produce functional food.

The profile and content of phenols present in various morphological parts of S. officinalis L. were
quite diverse and strongly dependent on the morphological part tested. The flowers were dominated
by hydrolyzed tannins (66.4% in all phenols) > flavan-3-ols (13.1%) > phenolic acids (9.9%) > flavonols
(5%) > anthocyanins (3.8%) > triterpenoids (1.8%). In turn, in the leaves were dominated by hydrolyzed
tannins (49.3%) > phenolic acids (20.5%) > flavonols (19.8%) > flavan-3-ols (7.4%) > triterpenoids (3%).
However, in the roots, hydrolyzed tannins were also the dominant class (62.1%) > flavan-3-ols (37.3%) >

phenolic acids and flavonols (<0.5%), whereas the stalks were dominated by hydrolyzed tannins (43.3%)
> flavan-3-ols (26.2%) > flavonols (17.1%) > phenolic acids (7.8%) > triterpenes (5.5%). The analysis of
phenols profile revealed flavonols to be the major group in leaf + stalks, whereas hydrolyzed tannins to
be the major group in the roots of S. minor [3], similarly to the roots of S. officinalis L. and to the results
presented in the work of Kim et al. [1].
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Tannins are compounds that occur naturally in plants and also play a defensive role in them.
They exhibit anti-inflammatory properties against inflammation of the mucous membranes and
skin, as well as antiastringent, antioxidative, free radical-scavenging, and antiproliferative properties.
In addition, they are also an important component of food because they affect its storage stability,
taste, and color [30]. The highest content of these compounds was recorded in the flowers
(9594.27 mg/100 g d.b.) and the lowest one in the stalks (1996.51 mg/100 g d.b.). According to
Karkanis et al. [3], their content in S. minor was comparable in the leaves and stalks while 4 times
higher in the roots compared to the morphological parts of S. officinalis L., respectively. In turn,
the major compound in all morphological parts tested was Lambertian C, with its content ranging
from 62% in the roots to 17% in the stalks, and similar observations were made in S. minor [3].

Phenolic acids are another naturally occurring class of polyphenolic compounds that have
a number of biological properties, including antioxidative ones, or are used in the prevention of
cardiovascular diseases. They also affect the sour and bitter taste of food of plant origin, imparting them
astringent flavones [31]. They dominated in the leaves of S. officinalis L. and their content amounted
to 2044.37 mg/100 g d.b., while their poorest presence was in the roots (only 6.64 mg/100 g d.b.).
Their content in the leaves was 5.3 times higher compared to their total content in leaves and stalks
of S. minor, but similar while comparing to the stalks of S. officinalis L. and S. minor [3]. In turn,
chlorogenic acid turned out to be the major compound in the flowers, neochlorogenic acid prevailed in
the stalks and leaves, while ellagic acid was found in the leaves and stalks of S. minor [3].

Anthocyanins occurred only in flowers, giving them an intense red color. They belong to the
group of polyphenols which show a number of health-promoting properties [9,32]. Their content
was 549.57 mg/100 g d.b., and the dominant compounds were cyanidin 3-O-glucoside and cyanidin
3-O-malonylglucoside and they constituted of 62% and 28% of all anthocyanins, respectively.

Catechins and proanthocyanidins are compounds that also play an important role in the prevention
of many diseases [9,32]. Their content ranged from 739.47 to 3239.19 mg/100 g d.b. in the leaves
and roots of S. officinalis L, respectively, and was 5.6 and 20 times higher compared to the leaves
and roots of Fallopia japonica, respectively [9]. The dominant compounds were: B-type (epi)catechin
dimmer constituting 41% in the leaves to 18% in the stalks of all flavan-3-ols, and (−)-epicatechin
constituting from 37% in the stalks to 19% in the leaves. Although in F. japonica, the major compound
was procyanidin dimer B [9].

Flavonols are also a valuable class of natural secondary metabolites due to their anti-inflammatory
and antioxidative properties [9]. The highest content of these compounds was noted in the leaves
and reached 1969.85 mg/100 g d.b. It was 2.7, 2.5, and 41 times higher compared to the flowers,
stalks, and roots, respectively. This difference results from the fact that these compounds are
mainly located in the top layer of plants, protecting them from harmful UV radiation [32]. In turn,
quercetin-O-glucuronide was the dominant compound in the flowers, leaves, and stalks, constituting
69%, 83%, and 85% of all flavonols, respectively, whereas taxifolin 7-O-β-d-glucopyranoside prevailed
in the roots, constituting 91%. These observations have also been confirmed by Kim et al. [1].

2.3. Pro-Health Properties

The average antioxidative activity determined for S. officinalis L. was 4.45 mmol Troloxu (TE)/g
dry basis (d.b.) in the ABTS test and 0.18 mmol TE/g d.b. in the FRAP assay (Table 3). The highest
activity was determined in the leaves and was 6.63 and 0.30 mmol TE/g d.b. in the ABTS and FRAP
tests, respectively. It was 1.2 and 1.6 times higher than in the stalks, 12.0 and 2.1 times higher than in
the roots, and comparable to that found in the flowers for the ABTS radicals and for Fe3+ reduction to
Fe2+, respectively (Table 3). Similar results of the antioxidative activity assays were obtained for the
roots of S. officinalis gathered in China [5]. In turn, previous research shows that the antiradical activity
of the leaves, stalks, and roots of S. officinalis L. was 6.2, 1.7, and 10.6 times higher compared to the same
parts of F. japonica as well as 7.9, 1.8, and 9.3 times higher compared to the same parts of F. sachalinensis,
respectively [9]. Antiradical activity for the roots was comparable to that obtained for the medical
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plant—Ruta montana [33]. Moreover, the average reducing activity of the tested parts of S. officinalis
L. was comparable to the antioxidant potential determined for Melissae folium and about 6 times
higher than for Spiraea herba, Uvae ursi folium, Rubi fructose folium, or Fragariae herba folium [34]. Thus,
the results obtained indicate that the roots, flowers, and leaves of S. officinalis L. have a high ability
to scavenge free radicals, which may be due to the high content of bioactive compounds determined
for these morphological parts of the plant. What’s more, the results presented a strong Pearson’s
correlation with the sum content of phenolic acids and anthocyanins and with the antioxidative activity
as r2 = 0.734 and 0.539 for ABTS assay and r2 = 0.746 and 0.869 for FRAP, whereas the correlation
between the reducing activity and sum of hydrolysable tannins and polyphenols was also strong
r2 = 0.769 and 0.823.

Table 3. The antioxidant activity and the biological activity in vitro.

Components α-Amylase
[EC50 MG/ML]

α-Glucosidase
[EC50 MG/ML]

Pancreatic Lipase
[EC50 MG/ML] ABTS [mmol/g d.b.] FRAP [mmol/g d.b.]

Leaves 9.48 ± 0.24b ‡ 11.86 ± 0.24b 18.75 ± 0.38a 6.63 ± 0.1a3 0.30 ± 0.01a
Flowers 6.03 ± 0.19a 9.60 ± 0.19a 21.40 ± 0.43b 5.56 ± 0.11b 0.20 ± 0.01b

Stalks 23.91 ± 0.63c 31.74 ± 0.63d 56.47 ± 1.13c 0.52 ± 0.01d 0.09 ± 0.01d
Roots 10.44 ± 0.39b 19.54 ± 0.39c 72.68 ± 1.45d 5.08 ± 0.10c 0.13 ± 0.01c

‡ Values are expressed as the mean (n = 3) ± standard deviation and different letters (between morphological parts)
within the same row indicates statistically significant differences (p < 0.05).

The leaves, flowers, stalks, and roots of S. officinalis L. were also tested for their ability of inhibition
of α-amylase (αA) and α-glucosidase (αG) activity, and their ability of inhibition of pancreatic lipase
(LP) activity (Table 3). αA and αG are carbohydrate-degrading enzymes, but the mechanisms of their
action differ; αA accelerates the hydrolysis of bonds inside a compound, whereas αG hydrolyzes
α-1,4-glucosidic bonds, leading to the release of glucose absorbed by the body [35]. In turn, LP is an
enzyme responsible for the degradation of triglycerides to simple lipids and fatty acids absorbable by
the human body. However, it has been proved that excess fatty acids can lead to the formation of free
radicals and insulin resistance [36]. Therefore, the inhibition of the above enzymes may be used in the
treatment of diabetes type II or obesity [35]. The obtained results show that the highest ability to inhibit
αA and αG activity was recorded for flowers of S. officinalis L. and reached EC50 6.03 and 9.60 mg/mL,
respectively. Therefore, the flowers were 1.6 and 1.3 times more active than the leaves, 4.0 and
3.3 times more active than the stalks, and 1.7 and 2.0 times more active than the roots, respectively.
In turn, the highest ability to inhibit pancreatic lipase was found for the leaves of S. officinalis L.
(EC50 = 18.75 mg/mL) which were 1.2, 3.0, and 3.9 times more active compared to the flowers, stalks,
and roots of the tested plant, respectively. As far as the results showed that the ability to inhibit αA,
αG, and LP strongly depended on the sum of flavan-3-ols and the correlations were r2 = 0.944, 0.836,
and 0.593, respectively. However, in the case of phenolic acids and flavonols, the correlations were
strongly negative: r2 = 0.813, 0.921, and 0.872 and r2 = 0.842, 0.825, and 0.857, respectively.

The antiproliferative potency of the flowers, leaves, roots, and stems of S. officinalis L.
were tested against four different cancer cell lines as BxPC3 (pancreatic ductal adenocarcinoma),
DLD-1 (colorectal adenocarcinoma), HCV29T (bladder cancer), and Jurkat (T-cell leukemia). This is
the first report on these cancer cell lines. The effect against the used cell lines was clearly noted
(Figure 1). The extract from S. officinalis L. leaves significantly reduces the viability of all tested cell
lines, especially DLD-1 colon cancer cells (to 19%) and Jurkat leukemia cells (to 22%). The flower
extract reduced the viability of Jurkat cells to 32% and the remaining cells by 39–50%. Extract from the
root showed similar results. In contrast, the extract from the stem acted the weakest on all cell lines,
reducing cell viability to 85–97%. What’s more, the results presented a strong Pearson’s correlation
between the sum of flavan-3-ols and with the viability of Jurkat leukemia cells and DLD-1 colon
cancer cells—r2 = 0.731 and 0.545, while lower the viability of HCV29T cells strongly depended on
anthocyanins and the correlation was r2 = 0.705. Liu et al. [37] noted that aqueous root extracts of
S. officinalis L. showed synergic effect on inhibition of activity against HCT-116 and CPR cell lines
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(colon cancer) with 5-fluorouracil. Shin et al. [38] observed that the extract of S. officinalis L. inhibited cell
growth against HSC4 and HN22 cell line (oral cancer) and induced death. According to Liu et al. [39],
aqueous plant extracts of S. officinalis L. decreased the target Wnt and β-catenin genes by inhibiting the
signal pathway of Wnt/β-catenin in cells of colorectal cancer. Moreover, Karkanis et al. [3] noted that the
highest ability to inhibit of cervical carcinoma (HeLa), breast adenocarcinoma (MCF-7), and nonsmall
cell lung cancer (NCl-H460) cell line was recorded for extract of roots of S. minor, whereas the extract of
leaves + stalks of S. minor showed high ability to inhibit of hepatocellular carcinoma (HepG2) cell line.
Thus, our own results and other authors presented that the highest cytotoxicity for the examined tumor
cell lines covered depends on the analyzed morphological parts of S. officinalis L. and their bioactive
substances. Moreover, the leaves, flowers, and roots showed high and differed antiproliferative potency
to inhibit activity of various tumor cell lines.
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Figure 1. Cell viability of Jurkat (A), BxPC3 (B), DLD-1 (C), and HCV29T (D) cell lines after treatment
with plant extracts for 48 h. Data are presented as means SD normalized to untreated control (1% ethanol).

3. Materials and Methods

3.1. Material, Reagents, and Instruments

Materials: Sanguisorba officinalis L. flowers, stalks, roots, and leaves (~5 kg) were obtained from
a private garden in Szczytna (53◦33′46′′ N 20◦59′07′′ E), Lower Silesia, Poland. The plant was
collected randomly in August 2019 from different parts of field (total area of cultivation is 1 ha). Then,
material was washed and dried in a freeze dryer Alpha 1-4 LSC (Christ, Osterode, Germany).

Reagents: acetonitrile, formic acid, methanol, ABTS (2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), 2,4,6-tri(2-pyridyl)-s-triazine
(TPTZ), methanol, acetic acid, α-amylase from porcine pancreas, α-glucoamylase from
Rhizopus sp., lipase from porcine pancreas, Antibiotic-Antimycotic Solution, and RPMI 1640
culture medium were purchased from Sigma-Aldrich (Steinheim, Germany). (−)-Epicatechin,
(+)-catechin, procyanidin B2, p-coumaric acid, ferulic acid, 5-caffeoylquinic acid, procyanidin A2,
caffeic acid, quercetin 3-O-rutinoside, quercetin-3-O-galactoside, quercetin-3-O-glucoside,
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kaempferol 3-O-galactoside, ellagic acid, and cyanidin-3-O-glucoside were purchased from
Extrasynthese (Lyon, France). DMEM culture medium with 10% FBS were purchased from
Gibco (Thermo Fisher Scientific, Waltham, MA, USA), and MTS solution was purchased from
Promega (Madison, WI, USA).

Instruments: UV-2401 PC spectrophotometer (Shimadzu, Kyoto, Japan) for antioxidant activity;
Sonic 6D, Polsonic, Warsaw, Poland, for extraction; LC-DAD-ESI-QTOF-MS/MS (ultraperformance liquid
chromatography equipped with a binary solvent manager and a Q-Tof Micro Mass Spectrometer (Waters,
Manchester, UK) with an ESI source operating in negative and positive modes (Waters Corporation, Milford,
MA, USA) for polyphenolic compounds; and Wallac 1420 VICTOR2 Plate Reader (PerkinElmer, Waltham,
MA, USA) for antiproliferative activity.

3.2. Determination of Polyphenols

For the extraction and determination of phenolic compounds, a protocol described before by
Lachowicz et al. [9] was followed. Briefly, samples (0.1 g) were mixed with 5 mL of 30% of UPLC-grade
methanol. The extracts were sonicated for 20 min and centrifuged (at 19,000× g/10 min). Finally,
the extracts were filtered by hydrophilic PTFE 0.20 µm membrane (Millex Samplicity Filter, Darmstadt,
Germany) and used for testing.

The runs were monitored at the following wavelengths: phenolic acids at 320 nm, flavonols at
360 nm, anthocyanins at 520 nm, flavan-3-ols at 280 nm, and hydrolysable tannins at 240 nm.
Separations of individual polyphenols were carried out using a UPLC BEH C18 column (1.7 µm,
2.1 mm × 100 mm) at 30 ◦C. The samples (10 µL) were injected, and the elution was completed in
15 min with a sequence of linear gradients and isocratic flow rates of 0.45 mL/min. The mobile phase
consisted of solvent A (0.1% formic acid, v/v) and solvent B (100% acetonitrile). The program began
with isocratic elution with 99% solvent A (0–1 min), and then, a linear gradient was used until 12 min,
lowering solvent A to 0%; from 12.5 to 13.5 min, the gradient returned to the initial composition (99% A),
and then, it was held constant to re-equilibrate the column. The analysis was carried out using full-scan,
data-dependent MS scanning from m/z 100 to 1500. Leucine enkephalin was used as the reference
compound at a concentration of 500 pg/µL, at a flow rate of 2µL/min, and the [M−H]− ion at 554.2615 Da
was detected. The [M − H]− ion was detected during 15 min analysis performed within ESI–MS
accurate mass experiments, which were permanently introduced via the LockSpray channel using a
Hamilton pump. The lock mass correction was ±1.000 for the mass window. The mass spectrometer
was operated in negative- and positive-ion mode, set to the base peak intensity (BPI) chromatograms,
and scaled to 12,400 counts per second (cps) (100%). The optimized MS conditions were as follows:
capillary voltage of 2500 V, cone voltage of 30 V, source temperature of 100 ◦C, desolvation temperature
of 300 ◦C, and desolvation gas (nitrogen) flow rate of 300 L/h. Collision-induced fragmentation
experiments were performed using argon as the collision gas, with voltage ramping cycles from
0.3 to 2 V. Characterization of the single components was carried out via the retention time and the
accurate molecular masses. Each compound was optimized to its estimated molecular mass [M −
H]−/[M + H]+ in the negative and positive mode before and after fragmentation. The data obtained
from UPLC-MS were subsequently entered into the MassLynx 4.0ChromaLynx Application Manager
software. On the basis of these data, the software is able to scan different samples for the characterized
substances. The PDA spectra were measured over the wavelength range of 200–800 nm in steps
of 2 nm. The calibration curves were prepared for the standard: gallic acid (y = 1222.5x − 1972.7;
r2 = 0.9999), procyanidin B2 (y = 6566.2x − 15,957; r2 = 0.9999), (+)-catechin (y = 1565.9x + 2243;
r2 = 0.9999), p-coumaric acid (y = 68.109x + 49.224; r2 = 0.9996), ferulic acid (y = 50,215x + 36,206; r2 =

0.9997), 5-caffeoylquinic acid (y = 14,332x + 1315.1; r2 = 0.9999), procyanidin A2 (y = 9484.1x − 6770.5;
r2 = 0.9997), caffeic acid (y = 17,431x + 40,114; r2 = 0.9999), quercetin 3-O-rutinoside (y = 13,362x −
1795; r2 = 0.9997), qercetin-3-O-galactoside (y = 20,926x − 18,309; r2 = 0.9991), qercetin-3-O-glucoside
(y = 11,923x + 8188; r2 = 0.9999), kaempferol 3-O-galactoside (y = 12,057x − 1922.4; r2 = 0.9997),
ellagic acid (y = 26754x + 172359; r2 = 0.9995), cyanidin-3-O-glucoside (y = 30,726x + 190,297; r2 =
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0.9976), and (−)-epicatechin (y = 39,233x − 360,853; r2 = 0.9994) at concentrations ranging between 0.05
and 0.5 mg/mL. All data were obtained in triplicate. The results were expressed as mg/100 g of dry
basis (d.b.).

3.3. Pro-Health Properties

3.3.1. Antiradical Capacity

Samples (1 g) were mixed with methanol (80%; 10 mL) and then with hydrochloric acid (1%).
This process was performed twice by incubating the above slurry for 20 min under sonication. Next,
the slurry was centrifuged at 19,000× g for 10 min, and the supernatant was filtered through a
hydrophilic PTFE 0.20 µm membrane (Merck, Darmstadt, Germany) and used for analysis.

The ABTS method was carried out with the method described by Re et al. [40]. For this, 0.03 mL
of sample was mixed with 3 mL of ABTS + solution, and after 6 min of reaction, the absorbance was
measured at 734 nm using the spectrophotometer. All data were obtained in triplicate. The activity
was expressed in mmol Trolox/g d.b.

3.3.2. Reducing Potential

The FRAP method was carried out with the method described by Benzie et al. [41]. The reagent
was prepared by mixing 10 mmol 2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ)/L reagent with 20 mmol/L ferric
chloride in acetate buffer (pH 3.6). Precisely, 0.1 mL of sample was mixed with 0.9 mL of distilled water
and 3 mL of ferric complex. After 10 min of reaction, the absorbance was measured at 593 nm using the
spectrophotometer. All data were obtained in triplicate. The activity was expressed in mmol Trolox/g d.b.

3.3.3. Determination of Enzyme Inhibition Potency

Anti-diabetic activity, α-amylase, α-glucosidase inhibitory, and lipase activity effect of the
materials were described previously by Nakai et al. [42], Podsędek et al. [43], and Nickavar et al. [44].
The extraction of mixed material was done with 70% acetone (or water) at room temperature for 60 min
with constant stirring. After centrifuging at 4000 rpm for 10 min, and filtration, the supernatants were
concentrated at 40 ◦C (vacuum evaporator) to remove the acetone and the aqueous phase was diluted
with water. For further analytical and biological activity assays, a gradient of concentrations was
prepared via serial dilution of the fruit extracts in pure water. The amount of the inhibitor (expressed as
mg of fruit per 1 mL of reaction mixture under assay conditions) required to inhibit 50% of the enzyme
activity was defined as the IC50 value. The IC50 of the fruits tested was obtained from the line of the
plot of the fruit concentration in 1 mL of reaction mixture versus the % inhibition. All samples were
assayed in triplicate.

3.3.4. Antiproliferative Potency

Cell Lines and Cell Culture

The human cancer cell lines BxPC3 (pancreatic ductal adenocarcinoma), DLD-1 (colorectal
adenocarcinoma), and HCV29T (bladder cancer) were cultured in DMEM culture medium with
10% FBS and Antibiotic-Antimycotic Solution. Jurkat cell line (T-cell leukemia) was maintained in
RPMI 1640 culture medium supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL
streptomycin, and 10% fetal bovine serum (FBS). All cell lines were cultured at 37 ◦C in a humidified
atmosphere of 5% CO2. The cells were seeded at densities of 5 × 103 cells/0.1 mL (0.32 cm2) for cell
viability assay. All cell lines were obtained from the collection of the Institute of Immunology and
Experimental Therapy, Polish Academy of Sciences, Wroclaw, Poland.
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Determination of Cell Viability

For determination of cell viability, cells were seeded in 96-well-plate (NUNC, Roskilde, Denmark).
The plant extract was prepared by suspending 100 mg of dry plant material in 1 mL of 30% ethanol.
The suspension was heated at 50 ◦C for 30 min and then centrifuged at 10,000× g for 15 min. The clear
supernatant was diluted 30-fold in cell culture medium. As a control, 1% ethanol in the cell medium
was used. The cells were incubated in 200 µL of the above culture medium for 48 h. Following the
incubation, 20 µL of MTS solution was added to each well for 4 h; next, absorbance at 490 nm was
recorded by a plate reader. Each treatment within a single experiment was performed in triplicate.
Data were normalized to control medium containing 1% ethanol.

3.4. Statistical Analysis

Statistical analysis such as one-way ANOVA (p < 0.05) was analyzed using Statistica 12.5 (StatSoft,
Kraków, Poland).

4. Conclusions

It needs to be noted that the flowers and leaves of S. officinalis L. are a good source of
polyphenols, including hydrolyzable tannins, phenolic acids, flavonols, and anthocyanins, and exhibit
a significant antiradical and reducing potential. In turn, the roots and stalks are a valuable source of
flavan-3-ols. The most effective the inhibition of α-amylase, α-glucosidase, and pancreatic lipase and
antiproliferative activities, reflected in the inhibition of viability of pancreatic ductal adenocarcinoma,
colorectal adenocarcinoma, and bladder cancer as well as T-cell leukemia cell, were shown by the
flowers and leaves of S. officinalis L. Thus, the data provided in this work indicate the possibility of using
its individual morphological parts in the prevention of selected disease entities. In addition, this plant
material can be used not only in the food industry as a functional additive to food, increasing its
health value, but also in the cosmetic and pharmaceutical industries as a nutraceutical. The data
obtained justify the need for further research on the morphological parts of S. officinalis L. with
special emphasis put on leaves and flowers, to identify mechanisms potentially responsible for the
antiproliferative activity.
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leaves extract at 320 and 360 nm; Figure S3: LC-DAD-ESI-QTOF-MS/MS chromatogram fragile of the Sanguisorba
officinalis L. roots extract at 320 and 360 nm; Figure S4: LC–DAD-ESI–QTOF–MS/MS chromatogram fragile of the
Sanguisorba officinalis L. stalks extract at 320 and 360 nm.
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Abstract: Recently, the herbal compress was successfully developed and applied for cellulite treat-
ment. The aim of this study was to formulate a more convenient dosage form of herbal applica-
tion from the original formula. In addition, we aimed to characterize and evaluate the stability
of the developed dosage form. A gelled emulsion, or an “emgel,” incorporated with 0.1 wt%
tea and coffee extracts (1:1 ratio) plus 5 wt% essential oils (mixed oil) was prepared. The caf-
feine content in the finished product obtained from tea and coffee extracts analyzed by HPLC was
48.1 ± 2.3 µg/g. The bio-active marker monoterpenes of mixed oil characterized by headspace GCMS
were camphene 50.8 ± 1.8 µg/mg, camphor 251.0 ± 3.2 µg/mg, 3-carene 46.7 ± 1.8 µg/mg, α-citral
75.0 ± 2.1 µg/mg, β-citral 65.6 ± 1.3 µg/mg, limonene 36.8 ± 6.7 µg/mg, myrcene 53.3 ± 4.5 µg/mg,
α-pinene 85.2 ± 0.6 µg/mg, β-pinene 88.4 ± 1.1 µg/mg, and terpinene-4-ol 104.3 ± 2.6 µg/mg. The
stability study was carried out over a period of 3 months at 4, 25, and 50 ◦C. The caffeine content
showed no significant changes and passed the acceptance criteria of ≥80% at all tested temperatures.
However, monoterpenes showed their stability for only 2 months at 50 ◦C. Therefore, the shelf-life
of the emgel was, consequently, calculated to be 31 months using the Q10 method. Thus, the anti-
cellulite emgel was successfully formulated. The characterization methods and stability evaluation
for caffeine and monoterpenes in an emgel matrix were also successfully developed and validated.

Keywords: topical formulation; anti-cellulite; cosmetic; monoterpenoids; accelerated stability

1. Introduction

Cellulite, popularly called orange peel skin, affects mostly women and is found in
more than 80% of women of post-pubertal age, which can be treated either medically or
cosmetically to enhance the appearance of this issue [1]. Natural ingredients are preferable
in cosmetic treatment due to their safety image [2]. Several studies have shown that
various natural components are clinically effective [3–6]. These indicate that plants are
a particularly rich source of providing components for cellulite treatment. Previously,
anti-cellulite treatment by applying a warmed traditional herbal compress comprising
aromatic herbs, i.e., ginger (Zingiber officinale Roscoe), black pepper (Piper nigrum L.), java
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long pepper (Piper retrofractum Vahl.), plai (Zingiber montanum (J. Koenig) Link ex A.Dietr.),
turmeric (Curcuma longa L.), lemon grass (Cymbopogon citratus DC. Stapf.), and kaffir lime
(Citrus hystrix DC.), and herbs containing xanthine alkaloids, i.e., tea (Camellia sinensis (L.)
Kuntze) and coffee (Coffea arabica L.), on the cellulite area was proven to be effective [7,8].
The anti-cellulite ingredients were considered for their prospective complementarities in
combating the cellulite problem. Caffeine [9] (in tea and coffee), limonene [10] (in ginger,
black pepper, java long pepper, lemon grass, and kaffir lime), citral [11] (in black pepper,
java long pepper, lemon grass, and kaffir lime), and terpinene-4-ol [12] (in plai) among
others are cosmetic agents with well-documented anti-adipogenesis action.

The anti-cellulite mechanisms of the essential oils, including monoterpenoids, con-
stituents of aromatic herbs as well as extracts of tea and coffee, have also been elucidated
in vitro as a reduction in lipid accumulation and vasorelaxation [13]. Therefore, the active
formulation of a smooth-texture gelled emulsion, or an “emgel,” with a pH range of 5.5–7.0
included a combination of essential oil and extract actives, considered for their way of
treating all the major mechanisms related to the development of cellulite. Recently, the
more convenient dosage form, anti-cellulite emgel, was freshly prepared and clinically
tested. Its effectiveness was already proved and reported [14].

The aim of this study was to demonstrate headspace gas chromatography/mass
spectrometry (HS-GCMS) and high-performance liquid chromatography (HPLC) methods
for monoterpenoid and caffeine determination for the main constituents in the anti-cellulite
emgel matrix and evaluate product stability after storage over a period of 12 weeks at 4, 25,
and 50 ◦C.

2. Results and Discussion
2.1. Anti-Cellulite Emgel Formulation

Many active ingredients from medicinal plants, primarily in the form of standardized
botanical extracts, can act synergistically on various biological targets and improve un-
wanted signs and symptoms [15]. The main ingredients of this formulation were mixed
essential oils from well-documented anti-inflammatory and anti-lipogenesis or lipolysis
herbs used in our herbal compress, such as ginger [16,17], black pepper [18,19], java long
pepper [20,21], and lemon grass [22,23], and water extracts of tea [24,25] and coffee [26,27].

Anti-cellulite emgels were formulated by using a carbomer (Carbopol 940) combined
with an emulsion to create a delivery base for hydrophobic substances. The carbomer-to-
emulsion ratio was optimized to accommodate the hydrophobic actives. A mixture of seven
essential oils of herbal ingredients in the compress (mixed oil) and tea and coffee extracts
were chosen as active ingredients of the anti-cellulite formulation. The problem of water
insolubility, high volatility, and instability of the short-chain hydrocarbon molecules of the
essential oils (e.g., α-pinene, camphene, myrcene, and terpinen-4-ol), being incompatible
with the emulsion droplets in the formulation [28], was resolved by introducing a carrier oil
with a long lipid tail into the emulsion system as a diluent for the essential oils. The carrier
oil also enhanced the viscosity of the oil combination and promoted the development of
the emulsion. The carrier oil for this emulsion system was virgin cold-pressed rice bran
oil. This mixed oil and two extracts were successfully incorporated into the preliminary
developed stable emgel base. The formulation is shown in Table 1.

Texture, color, odor, pH (at 25 ◦C), and viscosity (spindle no. 5, 20 rpm, 25 ◦C) of the
formulation were observed during the stability tests. Measurements were taken before and
after 24 days of storage at 4 ◦C, followed by six cycles of heating and cooling at 4 and 45 ◦C
for 48 h per cycle. A formulation kept at 25 ◦C was used as a control.
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Table 1. Anti-cellulite emgel formula.

Ingredient Formula (wt%)

Deionized water 66.00
Carbopol 940 0.80

Disodium EDTA 0.10
Propylene glycol 2.00

Glycerin 6.00
Phenoxyethanol and chlorphenesin 1.00

Triethanolamine (TEA) 1.00
PEG-40 hydrogenated castor oil 5.00

Rice bran oil 8.00
Tea extract 0.05

Coffee extract 0.05
Mixed oil 5.00
Camphor 5.00

2.2. Chemical Characterization of the Anti-Cellulite Emgel

HS-GCMS was used for qualitative and quantitative analyses of volatile substances in
the anti-cellulite emgel. The advantage of headspace analysis over standard GC methods is
the ability to determine only volatile analytes, without concern for other matrix components.
Headspace sampling is therefore suitable to determine volatile compounds in our emgel
or other semisolid cosmetic products. Moreover, the headspace GCMS method provides
several advantages, including no use of organic solvents, potential automation, and the ease
of sample preparation [29,30]. Twenty-nine constituents of the anti-cellulite emgel were
characterized by HS-GCMS (Table 2). The monoterpenes from the essential oil constituents
were detected as major constituents. The rank by %peak area was camphor (100.0%),
δ-Curcumene (21.6%), limonene (8.8%), β-sesquiphellandrene (8.6%), α-curcumene (6.6%),
β-bisabolene (6.4%), sabinene (6.3), tumerone (5.8%), α-citral (5.2%), and β-citral (4.6%).

Table 2. The volatile composition of the anti-cellulite emgel analyzed by using HS-GCMS.

Peak No. RT (min) RI 1 Identified Compounds Relative Area (%)

1 1.66 562 Trimethoxyborane 2.57

2 3.67 939 α-Pinene 2.06

3 3.86 955 Camphene 2.81

4 4.14 978 Sabinene 6.31

5 4.21 984 β-Pinene 4.38

6 4.31 992 Myrcene 2.03

7 4.57 1009 α-Phellandrene 1.14

8 4.67 1014 3-Carene 3.93

9 4.75 1019 α-Terpinene 1.22

10 4.95 1029 Limonene 8.84

11 5.03 1033 Eucalyptol 1.39

12 5.49 1058 γ-Terpinene 1.64

13 6.13 1092 α-Terpinolene 1.55

14 7.71 1152 Camphor 100.00

15 8.49 1180 (Internal standard) menthol 31.01

16 8.63 1185 γ-Terpinene 4.29
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Table 2. Cont.

Peak No. RT (min) RI 1 Identified Compounds Relative Area (%)

17 8.92 1195 α-Terpineol 1.83

18 9.45 1227 (Preservative)
phenoxyethanol 7.95

19 9.73 1250 β-Citral 4.60

20 10.19 1277 α-Citral 5.22

21 11.75 1373 Caryophyllene 2.26

22 12.15 1395 α-Curcumene 6.66

23 12.20 1400 Germacrene D 1.87

24 12.23 1404 delta-Curcumene 20.43

25 12.28 1409 β-Selinene 3.15

26 12.32 1413 β-Bisabolene 6.41

27 12.43 1424 β-Sesquiphellandrene 8.46

28 13.25 1511 Tumerone 5.81

29 13.42 1530 Curlone 1.26
1 Comparison with Kováts retention index (RI), the NIST library (version 2.2) comparison using GCMS (SCAN)
analysis.

2.3. HS-GCMS Method Validation
2.3.1. Selectivity

These values demonstrate that no interfering peaks occurred in the corresponding
retention time of each analyte (Figure 1). The selected ion mode (SIM) and retention time
(RT) for compounds of interest in HS-GCMS analysis were (1) α-pinene (specific m/z ratios:
91, 92, 93), RT 3.611; (2) camphene (specific m/z ratios: 79, 93, 121), RT 3.810; (3) β-pinene
(specific m/z ratios: 69, 91, 93), RT 4.166; (4) myrcene (specific m/z ratios: 69, 91, 93), RT
4.257; (5) 3-carene (specific m/z ratios: 79, 91, 93), RT 4.605; (6) D-limonene (specific m/z
ratios: 91, 136), RT 4.895; (7) camphor (specific m/z ratios: 69, 81, 95), RT 7.588; (7) menthol
(specific m/z ratios: 71, 81, 95), RT 8.420; (8) terpinen-4-ol (specific m/z ratios: 43, 71, 111),
RT 8.560; (9) β-citral (specific m/z ratios: 41, 69, 94), RT 9.747; and (10) α-citral (specific m/z
ratios: 69, 84, 94), RT 10.16.

2.3.2. Linearity

The range of linearity of the 10 constituents with their LOD and LOQ are shown
in Table 3. The r2 for the calibration curves for all compounds was >0.990. For all sub-
stances, the signals were linear over concentration ranges, suggesting that the method was
appropriate for analyzing these compounds in the same sample.

Table 3. Correlation coefficient (r2), linear range, LOD, and LOQ of 10 monoterpenoids in the
anti-cellulite emgel analyzed by HS-GCMS.

Analytes RT (r2) Linear Range
(µg/mL) LOD (µg/mL) LOQ (µg/mL)

α-Pinene 3.611 0.9997 39.1–1250 13.0 39.1
Camphene 3.810 0.9989 62.5–2000 20.8 62.5
β-Pinene 4.166 0.9982 39.1–1250 13.0 39.1
Myrcene 4.257 0.9978 62.5–2000 20.8 62.5
3-Carene 4.605 0.9987 39.1–1250 13.0 39.1
Limonene 4.895 0.9974 39.1–1250 13.0 39.1
Camphor 7.588 0.9989 62.5–2000 20.8 62.5
Terpinene 8.420 0.9964 39.1–1250 13.0 39.1
β-Citral 8.560 0.9988 62.5–2000 20.8 62.5
α-Citral 9.747 0.9976 62.5–2000 20.8 62.5
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µg/mL), (B) placebo emgel (20 mg), and (C) anti-cellulite herbal emgel. The peaks of 10 constituents 
were identified by comparison with standard references as (1) α-pinene (RT 3.61), (2) camphene (RT 
3.81), (3) β-pinene (RT 4.16), (4) myrcene (RT 4.25), (5) 3-carene (RT 4.61), (6) D-limonene (RT 4.89), 
(7) camphor (RT 7.59), (8) terpinene-4-ol (RT 8.55), (9) β-citral (RT 9.75), and (10) α-citral (RT 10.16). 
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Figure 1. HS-GCMS (SIM) total ion chromatograms of (A) standard monoterpenoid mixture (2.5 µg/mL), (B) placebo emgel
(20 mg), and (C) anti-cellulite herbal emgel. The peaks of 10 constituents were identified by comparison with standard references
as (1) α-pinene (RT 3.61), (2) camphene (RT 3.81), (3) β-pinene (RT 4.16), (4) myrcene (RT 4.25), (5) 3-carene (RT 4.61), (6)
D-limonene (RT 4.89), (7) camphor (RT 7.59), (8) terpinene-4-ol (RT 8.55), (9) β-citral (RT 9.75), and (10) α-citral (RT 10.16).

2.3.3. Precision and Accuracy

Intra-day and inter-day precision and accuracy at three concentrations were studied.
Both precision and accuracy were within reasonable limits (%RSD was less than 15%, and
percentage accuracy was between 85 and 110%) [31] (Table 4).

Table 4. Intra-day and inter-day precision and accuracy of the HS-GCMS method for determination of 10 monoterpenoid
standards assessed at three different concentration levels (n = 3) on three consecutive days. Accuracy was expressed as the
percentage recovery of 10 monoterpenoid standards in three different concentrations in the placebo emgel.

Analytes
Concentration
Levels/Spiked
Mount (µg/mL)

Intra-Day (n = 3) Inter-Day (n = 9) Accuracy (n = 9)

Measured
Concentration
(µg/mL) ± SD

Precision
(%RSD)

Measured
Concentration

(µg/mL)

Precision
(%RSD) Recovery (%)

α-Pinene
120 126.62 ± 4.07 3.21 124.45 ± 3.54 2.85 105.5
190 190.75 ± 1.38 0.73 190.90 ± 1.03 0.54 98.6

1000 1013.42 ± 5.56 0.54 1004.97 ± 10.63 1.06 98.8

Camphene
125 131.09 ± 2.41 1.84 128.40 ± 3.88 3.02 97.4
300 284.46 ± 6.33 2.23 277.07 ± 11.66 4.21 101.8

1600 1561.43 ± 7.74 0.49 1568.28 ± 9.42 0.60 99.4
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Table 4. Cont.

Analytes
Concentration
Levels/Spiked
Mount (µg/mL)

Intra-Day (n = 3) Inter-Day (n = 9) Accuracy (n = 9)

Measured
Concentration
(µg/mL) ± SD

Precision
(%RSD)

Measured
Concentration

(µg/mL)

Precision
(%RSD) Recovery (%)

β-Pinene
120 109.23 ± 3.17 2.91 107.70 ± 2.83 2.63 100.5
190 192.64 ± 4.88 2.53 193.65 ± 4.11 2.12 100.4

1000 1013.34 ± 9.99 0.98 1012.33 ± 9.53 0.94 100.0

Myrcene
125 112.72 ± 4.11 3.64 113.48 ± 2.846 2.50 100.6
300 273.69 ± 3.84 1.40 272.10 ± 8.16 2.99 101.1

1600 1436.74 ± 4.31 0.30 1442.68 ± 11.36 0.78 106.7

3-Carene
120 124.26 ± 4.42 3.56 122.61 ± 4.22 3.44 94.4
190 189.28 ± 3.96 2.09 186.85 ± 3.96 2.45 102.0

1000 924.90 ± 6.15 0.66 927.38 ± 5.33 0.57 102.6

Limonene
120 130.95 ± 3.20 2.44 129.40 ± 2.91 2.91 105.5
190 194.62 ± 5.02 5.02 191.83 ± 5.34 2.78 102.1

1000 1025.84 ± 9.62 0.94 1025.34 ± 13.53 1.32 98.3

Camphor
125 134.15 ± 5.09 3.79 134.26 ± 5.09 3.79 98.2
300 286.33 ± 8.94 3.12 291.26 ±9.32 3.20 96.7

1600 1718.85 ± 2.75 0.16 1718.85 ± 11.69 0.68 97.8

Terpinene-4-ol
120 114.58 ± 2.17 1.89 112.78 ± 4.19 3.71 100.4
190 177.21 ± 4.89 2.76 176.40 ± 3.47 1.97 107.5

1000 942.44 ± 7.19 0.76 934.46 ± 10.47 1.12 101.6

β-Citral
125 107.75 ± 0.95 0.89 108.02 ± 2.31 2.14 98.3
300 314.81 ± 9.63 3.06 311.76 ± 8.18 2.62 96.2

1600 1649.47 ± 13.03 0.79 1663.07 ± 14.08 0.85 99.0

α-Citral
125 128.02 ± 4.96 3.88 127.39 ± 4.07 3.19 99.5
300 329.87 ± 7.54 2.28 329.24 ± 5.74 1.74 99.0

1600 1642.30 ± 12.91 0.79 1645.17 ± 11.29 0.69 99.0

The accuracy was determined by spiking the three different concentrations of 10
monoterpenoid standards. Recovery in the range of 94–107 (%RSD ≤ 4.21%) was obtained
(Table 4).

2.4. HPLC Method Validation

The HPLC method for determination of caffeine was developed and validated accord-
ing to ICH guidelines.

2.4.1. Selectivity

Separation was done on a C18 column with isocratic elution of 40% methanol in
water. The tailing factor and resolution of the caffeine standard met ICH guidelines. The
identification of caffeine in the sample was confirmed with the retention time of the caffeine
standard (Figure 2).

2.4.2. Linearity

The calibration equations, linearity, limit of detection (LOD), and limit of quantitation
(LOQ) values are presented in Table 5. The HPLC chromatograms of the caffeine standard,
placebo, and anti-cellulite emgel are shown in Figure 2A–C.

Table 5. Correlation coefficient (r2), linear range, LOD, and LOQ of the caffeine standard in the
anti-cellulite emgel analyzed by HPLC.

Analyte RT
(min) (r2)

Linear Range
(µg/mL)

LOD
(ng/mL)

LOQ
(ng/mL)

Caffeine 4.015 1.00 0.3125–20 156.250 15.625
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Figure 2. HPLC chromatograms of (A) caffeine standard (2.5 µg/mL) (RT 4.015), (B) placebo emgel (20 mg/mL), and (C)
anti-cellulite emgel (20 mg/mL).

2.4.3. Precision and Accuracy

Intra-day and inter-day precision and accuracy at three concentrations were deter-
mined. Both precision and accuracy were within reasonable limits (% RSD was less than
15%, and percentage accuracy was between 85 and 110%) (AOAC, 2012). (Table 6. The
%RSD, which reflected the intra-day and inter-day precision of the caffeine standard, was
not more than 2.5%.

Table 6. Intra-day and inter-day precision and accuracy of the HPLC method for determination of the caffeine standard
assessed at two different concentration levels (n = 3) on three consecutive days. Accuracy was expressed as the percentage
recovery of the caffeine standard at two different concentrations in the coffee extract.

Standard
Concentration
Levels/Spiked
Mount (µg/mL)

Intra-Day Precision (n = 6) Inter-Day Precision (n = 9) Accuracy (n = 9)

Measured
Concentration
(µg/mL) ± SD

Precision
(%RSD)

Measured
Concentration
(µg/mL) ± SD

Precision
(%RSD) Recovery (%)

Caffeine
1.88 1.86 ± 0.03 1.70 1.81 ± 0.05 2.51 101.0
7.50 7.49 ± 0.19 2.52 7.32 ± 0.18 2.51 100.6

The accuracy was determined by spiking the two different concentrations of caffeine
standard (1.8 and 7.5 ppm) at 0.1 mg/mL of coffee extract. Recovery in the range of 98–103
(%RSD ≤ 6.32%) was obtained. All data are shown in Table 6.
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2.5. Quantitation of Constituents of Interest in the Anti-Cellulite Emgel Using HS-GCMS

The 10 constituents of interest were analyzed in the anti-cellulite emgel by HS-GCMS
(SIM) (Table 7). The major monoterpene in the formula was camphor (251.0 µg/mg).

Table 7. The contents of 10 monoterpenoid constituents in the anti-cellulite emgel analyzed by HS-
GCMS (n = 3).

Anti-Cellulite Emgel Monoterpenoids Presented in the Formulation (µg/mg)
Average ± S.D.

α-Pinene 85.2 ± 0.6
Camphene 50.8 ± 1.8
β-Pinene 88.4 ± 1.1
Myrcene 53.3 ± 4.5
3-Carene 46.7 ± 1.8
Limonene 36.8 ± 6.7
Camphor 251.0 ± 3.2

Terpinene-4-ol 104.3 ± 2.6
β-Citral 65.6 ± 1.3
α-Citral 75.0 ± 2.1

2.6. Determination of Caffeine Content in Tea, Coffee Material, and the Anti-Cellulite Emgel
by HPLC

The caffeine concentrations of coffee, tea, and anti-cellulite emgel were analyzed by
HPLC. For the anti-cellulite emgel, a content of 0.05% of each tea and coffee extract in the
formulation contained approximately 1% of caffeine (Table 8).

Table 8. The content of caffeine in the anti-cellulite emgel was analyzed by HPLC (n = 3).

Sample Caffeine Content Ave ± S.D. (µg/g)

Coffee extract (freeze-dried) 45.0 ± 0.4
Tea extract (freeze-dried) 64.2 ± 1.1

Anti-cellulite emgel with tea and coffee
extracts in this formulation 48.1 ± 2.3

2.7. Physical Stability of the Anti-Cellulite Emgel

Physical stability is important to consider while maintaining lipophilic chemicals in
emulsion formulae and subsequently in cosmetic products to prevent or mitigate deterio-
ration during storage. The anti-cellulite emgel was evaluated for qualities such as color,
odor, pH, viscosity, and phase separation. The anti-cellulite emgel had a homogeneous
texture with a buttermilk color and a characteristic odor of herbal essential oils. After
storage for 12 weeks (Table 9), the physical properties of the anti-cellulite emgel remained
similar to baseline, while after a heating-cooling stability study and after storage at 50 ◦C
for 3 months, there was only a minor change in the appearance of the anti-cellulite emgel.

Table 9. The physical stability of the anti-cellulite emgel at initiation day and after being stored at 4 ◦C, 25 ◦C, and 50 ◦C for
3 months and after 6 heating-cooling cycles.

Conditions Physical Examination pH Viscosity (Cp) Separation

Initiation Smooth texture, pale brown 6.89 ± 0.02 1715 ± 5.29 No phase separation

4 ◦C Smooth texture, pale brown 6.61 ± 0.04 1681 ± 6.81 No phase separation

25 ◦C Smooth texture, pale brown 6.68 ± 0.05 1632 ± 5.50 No phase separation

50 ◦C Smooth texture, pale brown
(darker, slightly stronger smell) 6.63 ± 0.02 1616 ± 5.03 No phase separation

Heating-cooling 6 cycles
45 ◦C/4 ◦C

Smooth texture, pale brown
(slightly darker, slightly stronger smell) 6.65 ± 0.03 1654 ± 3.21 No phase separation
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2.8. Chemical Stability Evaluation Using GCMS and HPLC

The active monoterpenoids and caffeine in the anti-cellulite emgel were determined
using our validated HS-GCMS and HPLC methods. The anti-cellulite emgel was stored for
12 weeks at 4 ◦C, room temperature, 50 ◦C.

After 8 weeks storage at 50 ◦C, the active monoterpenoids in the emgel formulation
retained more than 80% of the initiation concentration (Figure 3), whereas caffeine retained
more than 80% after 12 weeks (Figure 3).
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Figure 3. The percentages of the relationship between the time of storage and temperature under room temperature (25 ◦C),
refrigerator (4 ◦C), and oven (50 ◦C) conditions. Change in the percentage of constituents of interest, camphor, camphene,
citral, 3-carene, limonene, myrcene, α-pinene, β-pinenen, terpinene-4-ol, and caffeine, for 12 weeks.
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2.9. Microbiological Stability Evaluation

The durability of preservatives is a critical element in ensuring microbial efficiency.
To demonstrate microbiological stability, we conducted a preservation challenge test. Our
results, shown in Table 10, indicate the acceptance criteria required by the method for
acceptability in each time (day 0, day 7, day 14, and day 28). The anti-cellulite emgel was
resistant to microbial proliferation, which could pose a risk if used improperly.

Table 10. Preservation efficacy of the anti-cellulite emgel.

Microbes
Log10 CFU/g

Day 0 Day 7 Day 14 Day 28

Staphylococcus aureus 6.0 3.3 <2.0 <2.0
Pseudomonas aeruginosa 5.9 3.0 <2.0 <2.0

Escherichia coli 6.0 <2.0 <2.0 <2.0
Candida albicans 4.4 <2.0 <2.0 <2.0
Aspergillus niger 4.6 <2.0 <2.0 <2.0

2.10. Calculation of Monoterpenoids and Caffeine Accelerated Shelf Life by the Q10 Method

The accelerated stability test, which predicts the potential behavior of the anti-cellulite
emgel, was quite informative. The shelf life of the anti-cellulite emgel was calculated using
the Q10 equation [32,33], which is considered a cornerstone in estimating the storage life of
monoterpenoids with heat-sensitive degradation. The storage life of the monoterpenoids in
the anti-cellulite emgel was estimated to be 31 months, while that of caffeine was 46 months
in the same concentration of the anti-cellulite herbal emgel.

3. Materials and Methods
3.1. Chemicals and Standards

Methanol and water were of LC-MS grade and purchased from RCI Labscan Ltd.,
(Bangkok, Thailand). Reference standards, camphor (purity≥ 95%), camphene (purity ≥ 95%),
caffeine anhydrous (purity > 99%), citral (purity ≥ 98%), 3-carene (purity ≥ 90%), limonene
(purity ≥ 97%), myrcene (purity ≥ 90%), α-pinene (purity ≥ 98%), β-pinene (purity ≥
99%), and terpinen-4-ol (purity ≥95%), were products from Sigma-Aldrich (St. Louis, MO,
USA). The internal standard, menthol (purity ≥ 98%), was from TCI (Shanghai, China).
The standard homologous series of n-alkanes (C8-C40) was obtained from Sigma-Aldrich
(St. Louis, MO, USA). Camphor (cosmetic grade) was purchased from Chemipan (Bangkok,
Thailand).

3.2. Essential Oils and Extracts

Essential oils of ginger, black pepper, java long pepper, plai, turmeric, lemon grass,
and kaffir lime were purchased from Thai-China Flavours and Fragrances Industry Co.,
Ltd. (Ayutthaya, Thailand). They were mixed in a ratio equivalent to the composition of
the herbs used in the herbal compress formula [13] and called a “mixed oil.” Tea of the
Three Horses brand and roasted coffee of the Arabica 100% Coffman brand were purchased
in Phitsanulok, Thailand. Ground tea leaves and coffee beans were separately extracted
with boiling water for 20 min. After filtration and 5 min of centrifuging, the aqueous
solutions were lyophilized to obtain tea and coffee extracts, which were then stored at
−20 ◦C until use.

3.3. Preparation of the Anti-Cellulite Emgel

The anti-cellulite emgel was composed of 5% mixed oil, 5% camphor, 0.05% tea extract,
and 0.05% coffee extract. The other ingredients and their functions are listed in Table 11.
Camphor was dissolved in the mixed oil, while tea and coffee extracts were added to the
carbopol gel and mixed with other ingredients, resulting in the formation of an emgel.
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The base sample (without the mixed oil) was prepared with similar materials and under
identical conditions for formulation.

Table 11. Anti-cellulite emgel ingredients.

Anti-Cellulite Emgel Function

Deionized water Diluent
Carbopol 940 Gelling agent

Disodium EDTA Chelating agent
Propylene glycol Moisturizing agent

Glycerin Moisturizing agent
Phenoxyethanol and chlorphenesin Preservatives

Triethanolamine (TEA) pH adjuster
PEG-40 hydrogenated castor oil Solubilizer

Rice bran oil Emollient
Tea extract Active ingredient

Coffee extract Active ingredient
Mixed oil Active ingredient
Camphor Active ingredient

3.4. Headspace Gas Chromatography/Mass Spectrometry (HS-GCMS) and High-Performance
Liquid Chromatography (HPLC) Analyses

The HS-GCMS and HPLC methods for determination of chemical ingredients in the
anti-cellulite emgel were developed and validated in terms of the limit of detection (LOD),
limit of quantitation (LOQ), linearity, accuracy, and precision [31]. A placebo emgel was
used as a blank sample.

3.4.1. HS-GCMS Instruments and Chromatographic Conditions

HS analysis was performed using the Agilent G4556-64000 network. The HS auto
sampler Agilent PN 7697A was used to directly introduce samples automatically into
the Agilent 7890B Gas Chromatography System-5977B MSD model mass spectrometer.
After the vials were pressurized with carrier gas, the emgel HS samples were injected into
an HP-5 capillary column (5% phenyl methyl silox) (30 m × 250 µm × 0.25 µm; Agilent
19091S-433). The carrier gas was helium (He) with a constant flow rate of 1.3 mL/min. The
GC oven temperature was initially set at 70 ◦C for 3 min, then increased to 100 ◦C at a rate of
3 ◦C/min and held for 3 min, and then increased to 250 ◦C at a rate of 20 ◦C/min and held
for 1 min, with a total run time of 22 min. Mass spectrometry analysis was carried out using
an Agilent mass selective detector model 5977B MSD coupled with the gas chromatograph
in selected ion mode (SIM) of specific m/z ratios for each of the 10 compounds and one
internal standard. The mass spectrometer was operated in electron impact ionization mode
(70 eV) with a scan range of 50 to 550 amu.

3.4.2. HS-GCMS Method Validation

The method was validated according to ICH guidelines by determining linearity, LOD,
LOQ, precision, and accuracy. The calibration curves were obtained with the average
of peak area ratios of three replicates. To find the correlation coefficient (r2) value, six
concentration levels of standard solutions were analyzed. Precision was determined using
the repeatability between 6 replicate samples of the placebo emgel and spiked with the
concentrations of QC1, QC2, and QC3 of the calibration curve and reported as a coefficient
of variation (percentage). The accuracy was calculated as the percentage recovery from
three replicates of samples spiked with the same concentration that was used for the
determination of precision. Intra-day and inter-day precision and accuracy were performed
at three concentrations.
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3.4.3. Sample Preparation for HS-GCMS

Mixture standard solutions in methanol at concentrations of 500, 250, 125, 62.5, 31.2,
and 15.6 µg/mL (camphene, myrcene) and 2500, 1250, 625, 312.5, 156.2, and 78.1 mg/mL
(camphor, α-citral, β-citral, 3-carene, limonene, α-pinene, β-pinene, and terpinen-4-ol)
were prepared for generating the calibration curve. Menthol in methanol (2 mg/mL) was
used as the internal standard.

For preparing the validation samples, 1 mg of a blank matrix (placebo emgel) and
a blank sample (blank vial) were spiked with the internal standard and prepared in a
headspace vial of 20 mL and then injected into each batch of samples to demonstrate that
there was no cross-contamination and interference during the analysis.

3.4.4. Qualitative Analyses of Constituents in the Anti-Cellulite Emgel Using the
HS-GCMS Method

Volatile compounds of the anti-cellulite emgel were analyzed by using the HS-GCMS
method, stated above, and identified by comparing their spectra and retention times to
those of the standard compounds or to those of the NIST MS search 2.2 library, in addition to
comparison with their GC Kováts retention indices (RIs) from the literature. The linear RIs
for all components were determined by co-injecting the samples with a solution containing
the homologous series of n-alkanes (C8-C20). Caffeine was identified by the retention time
of the standard compound.

3.4.5. HPLC Instruments and Chromatographic Conditions

Chromatographic analysis was performed using a Shimadzu SCL-10A HPLC system
equipped with a Shimadzu SPD-10A UV/Vis detector, an LC-10AT pump, SIL-20AC
HT auto-samplers, and a CTO-10ASVP column oven. Chromatographic separation was
performed on a Phenomenex Synergi 4u Hydro-RP 80A column (150 × 4.60 mm, 4 µm
particle size) connected to a Phenomenex C18 (10 × 4.6 mm, 5 µm) guard column that
maintained the temperature at 35 ◦C. The isocratic mobile phase was methanol and water
(40:60 v/v) at a flow rate of 1.0 mL/min. The injection volume was 10 µL, and the eluates
were monitored at 275 nm. The total run time was 8 min.

3.4.6. HPLC Method Validation

The method was validated according to ICH guidelines by determining linearity, LOD,
LOQ, precision, and accuracy. The linearity range of the standards was determined on
seven concentration levels that ranged from 0.3125 to 20 µg/mL. Calibration curves were
measured on every analysis day, and each sample was determined in triplicate. The stan-
dard curves were plotted by areas under the curve of the caffeine standard. The linearity of
the calibration curve was assessed by calculating the coefficient of determination (r2). The
LOD and LOQ under the present chromatographic conditions were determined by injecting
the standard solutions until the signal-to-noise ratio of each compound was 3 for LOD and
10 for LOQ. The intra-day precision of the method was analyzed from the measurement
of two concentration levels of caffeine for six times within 1 day. Precision is represented
by the relative standard deviation (%RSD) calculated by standard deviation/mean × 100.
Inter-day precision was validated by measuring the %RSD for three consecutive days
at two concentration levels, 1.875 and 7.5 µg/mL (n = 3, each level). The accuracy and
recovery were determined by spiking the known concentration of the standard solution
with the coffee extract to obtain two different concentrations (1.875 and 7.5 µg/mL). These
experiments were done in triplicate. The accuracy is presented as percentage recovery of
the spiked concentration, which was calculated as [(measured standard concentration –
standard concentration in the non-spiked sample)/standard concentration spiked] × 100.

3.4.7. Caffeine Standard Solutions for the HPLC Method

The stock solution of the caffeine standard was freshly prepared by dissolving it in
methanol to obtain a concentration of 10 mg/mL. This solution was further diluted with
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water to create standard calibration curves, LOD, and LOQ. The solutions were then filtered
through nylon syringe filters with a 0.45 µm pore size.

3.5. Determination of Marker Compounds in the Anti-Cellulite Emgel by HS-GCMS and HPLC

Ten monoterpenoids in the anti-cellulite emgel were quantitatively determined by
HS-GCMS, and caffeine was analyzed by HPLC analysis.

3.5.1. Sample Preparation for HS-GCMS

A 1 mg sample of the anti-cellulite emgel was weighed in an HS vial of 20 mL and
covered with an aluminum crimp cap with a silicon septum. Next, 10 µL of the internal
standard was added to each sample vial.

3.5.2. Sample Preparation for HPLC

A 20 mg sample of the anti-cellulite emgel was weighed in a vial of 1.5 mL, dissolved
in methanol, and then vortexed for 1 min. The sample solution was filtered through nylon
syringe filters with a 0.45 µm pore size.

3.6. Accelerated Stability Study of the Anti-Cellulite Emgel

The anti-cellulite emgel was stored at ambient temperature, 4 ◦C (±2 ◦C), and 50 ◦C
(±2 ◦C). The physical properties, including color, odor, pH, viscosity, and phase separation,
as well as chemical markers were determined every 2 weeks for 12 weeks. The heating-
cooling cycle test was performed by alternating conditions between 4 ◦C (±2 ◦C) for 48 h
and 45 ◦C (±2 ◦C) for 48 h of each cycle for 6 cycles. The studies were conducted in
triplicate.

3.7. Shelf Life Prediction by the Q10 Method

The Q10 approach is a tool for forecasting the product shelf life. It is assumed that
the ratio of times to equal harm at two temperatures, which are usually 10 ◦C apart, is
constant [32–34]. The shelf life of the anti-cellulite emgel at 25 ◦C was calculated using the
following equation:

t80(T2) =
t80(T1)

Q(∆T/10

where t80 (T2) denotes the shelf life at 25 ◦C and t80 (T1) denotes the shelf life at 50 ◦C.

3.8. Microbial Stability Studies

Microbial testing of the anti-cellulite emgel was carried out using a preservation test
with the plate method. Five types of microorganisms, i.e., Staphylococcus aureus TISTR 1466,
Pseudomonas aeruginosa ATCC 25783, Escherichia coli ATCC 25922, Candida albicans ATCC
10231, and Aspergillus niger, were added to the anti-cellulite emgel formulation. The criteria
of acceptance and the consideration of preservative stability were measured according to
USP 29 Chapter 51 Antimicrobial Effectiveness [35].

3.9. Statistical Analysis for Quality Control Studies

Data were expressed as the average ± standard deviation (SD). Statistical analysis
was conducted using analysis of variance (ANOVA) and Student’s t-test using GraphPad.

4. Conclusions

An anti-cellulite herbal emgel of smooth texture with pH 6.89 ± 0.02 was successfully
formulated. HS-GCMS and HPLC methods were developed and validated to quantitatively
determine the monoterpenoid and caffeine constituents in the formulation, respectively.
The emgel was physically stable up to 3-month storage at 4 ◦C, room temperature, and 50 ◦C.
The caffeine content showed no significant changes and passed the acceptance criteria of
≥80% at all temperature tests, while monoterpenes showed some degree of degradation at
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50 ◦C after 2 months. The shelf life of the emgel was, consequently, calculated as 31 months
by using the Q10 method.

5. Patents

The petit patent for the anti-cellulite herbal emgel product was obtained from the
Department of Intellectual Property (DIP), Thailand (no. 17425, date 11 March 2021).
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Abstract: The skin permeability of steroids, as investigated in this study, is important because some
of these compounds are, or could, be used in preparations applied topically. Several models of skin
permeability, involving thin layer chromatographic and calculated descriptors, were generated and
validated using Kp reference values obtained in silico and then tested on a group of solutes whose
experimental Kp values could be found (log Kp

exp). The study established that the most applicable
log Kp model is based on RP-18 thin layer chromatographic data (RM) and the calculated descriptors
VM (molar volume) and PSA (polar surface area). Two less efficient, yet simple, equations based on
PSA or VM combined with HD (H-donor count) can be used with caution for rapid, rough estimations
of compounds’ skin permeability prior to their chemical synthesis.

Keywords: steroids; skin permeability; thin layer chromatography; calculated physicochemical de-
scriptors

1. Introduction

Steroids are an important class of pharmaceutical actives which may be administered
by different routes, including transdermal delivery [1]. Their skin permeation has been a
subject of interest for a relatively long time [2–4]. In addition to experimental studies of
steroids’ ability to cross the skin barrier, attempts have been made to predict this property
in silico. However, due to their polyfunctionality and relatively large molecular volumes,
steroids are significantly different from many substances whose skin permeability has been
studied, and not all the known algorithms of skin permeability are suitable for this group
of solutes [4].

The rate of a molecule’s permeation through skin is expressed as the flux (J), which is
the amount of substance permeated per unit area and unit time. The flux depends on the
permeability of the skin to the permeant (Kp) and the gradient of permeant concentration
across the skin (∆c):

J = Kp · ∆c

For passive diffusion, the permeability coefficient Kp depends, in turn, on the partition
coefficient P, the diffusion coefficient D and the diffusional path length h:

Kp =
P·D

h

Transdermal permeation of drugs may be studied using many techniques, including
in vitro permeation experiments on excised human skin [5], animal skin, cultured human
skin cells or synthetic membranes [5,6]. It is also known that skin permeation correlates with
some easily obtained physicochemical parameters of a molecule, including log Pow, which
is the partition coefficient between octanol and water and a well-established predictor of a
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compound’s lipophilicity and biological activity [7]. However, it has been demonstrated
that log Pow is not applicable as a single measure of log Kp across a very wide range of
chemical families, so molecular weight (Mw) or volume (VM), hydrogen bond donor and
acceptor activity (Hd and Ha, respectively), and melting point (MPt) values are incorporated
as additional descriptors [8–14]. Different computational skin permeability models have
been reviewed and compared by several authors [3,15–20].

Liquid chromatography is frequently used to investigate physicochemical properties
and biological activity of solutes, including their skin permeability. The chromatographic
techniques used to predict the ability of molecules to cross the skin barrier include normal
and reversed-phase thin layer chromatography [21,22], immobilized artificial membrane
(IAM) column chromatography [23–26], RP-18 column chromatography [24,25], column
chromatography on a unique stationary phase based on immobilized keratin [27], and
biopartitioning micellar chromatography (BMC) [28–30]. The skin permeability coefficient
Kp is connected with the chromatographic retention parameters log k or RM

0 (obtained
for column and thin layer chromatography, respectively) via linear or reverse parabolic
relationships [22,26]. Chromatographic retention parameters are used either as sole skin
permeability predictors, or they are combined with additional descriptors (log Pow, VM,
Mw or MPt) [23,24,28,30].

Transdermal drug delivery is an important strategy employed to improve the bioavail-
ability of drugs whose administration by other routes suffers from limitations such as
poor drug stability in the gastrointestinal tract, poor permeability through the intestinal
membrane or problems caused by first pass metabolism [31]. Although oral delivery
remains to date the preferred method of drug administration, transdermal drug delivery
systems are gaining in popularity [18,32]. Skin permeability, expressed by the coefficient
Kp, is an important parameter affecting the systemic uptake of drugs after transdermal
delivery. The objective of this study was to examine the relationships between the skin
permeability coefficient Kp and calculated and RP-18 TLC-chromatographic descriptors
for a group of steroid drugs acting upon different therapeutic targets. Descriptors derived
from the RP-18 thin layer chromatographic system used in this study have appeared in
previous works on blood-brain barrier (BBB) permeability [33–35] and skin permeation [36]
and, according to [37], in some instances the RP-18 TLC retention parameters are better
predictors of biological activity than the RP-18 HPLC data.

2. Results and Discussion

The skin permeability coefficient (Kp) is an important parameter that helps in the
assessment of a compound’s epidermal permeability; however, the experimentally deter-
mined values of Kp are available for only some of the drugs within the studied group. For
this reason, it was decided that models of skin permeability based on thin layer chromato-
graphic and calculated descriptors should be generated and validated using Kp values
obtained in silico, then tested on a group of solutes whose experimental Kp values could
be found (log Kp

exp). The estimation methodology used in this study is based on the
approaches A to C (Table 1).
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Table 1. Calculated and experimental log Kp values for compounds 1 to 46.

logKp
EPI logKp

pre logKp
exp logKp

(1) logKp
(3) logKp

(4) logKp
(5) logKp

(6) logKp
(7) logKp

(8) logKp
(9) logKp

(10)

1 −3.72 −3.88 −4.19 −3.55 −3.75 −3.57 −4.06 −3.57 −3.47 −3.30 −3.46 −3.56
2 −3.77 −4.71 −4.79 −3.62 −3.65 −3.45 −4.22 −3.39 −3.35 −3.10 −3.46 −3.44
3 −2.00 −2.15 −1.36 −1.47 −1.87 −1.48 −2.04 −1.57 −1.48 −1.51 −1.33 −1.68
4 −3.75 −4.24 −4.35 −3.25 −3.63 −3.41 −4.29 −3.33 −3.31 −3.03 −3.46 −3.39
5 −2.24 −2.49 −2.44 −1.75 −2.49 −1.80 −2.64 −1.94 −1.73 −1.82 −1.44 −1.84
6 −4.11 −4.42 −4.41 −3.54 −3.07 −2.76
7 −3.46 −4.23 −3.26 −2.98 −2.75 −2.86
8 −1.78 −2.35 −2.82 −1.62 −1.44 −2.30
9 −2.55 −2.97 −3.22 −2.23 −2.04 −2.26

10 −2.20 −3.42 −3.22 −2.38 −2.15 −2.88
11 −2.74 −3.42 −3.34 −2.15 −2.04 −2.27
12 −2.22 −2.54 −2.65 −1.78 −1.44 −2.03
13 −2.70 −3.90 −4.12 −3.29 −2.75 −4.07
14 −1.67 −2.72 −2.21 −1.91 −1.56 −2.45
15 −2.80 −4.05 −4.39 −2.68 −2.26 −3.04
16 −3.85 −4.54 −5.00 −3.38 −3.35 −2.83
17 −4.44 −4.42 −4.59 −4.90 −5.18 −4.61
18 −4.20 −4.24 −4.17 −4.35 −4.38 −3.67
19 −3.75 −3.53 −3.68 −4.27 −4.59 −3.54
20 −4.00 −3.63 −3.20 −4.59 −4.98 −3.95
21 −3.47 −2.45 −2.74 −4.43 −4.98 −4.33
22 −4.10 −3.43 −3.05 −4.26 −4.38 −4.05
23 −3.63 −3.11 −3.04 −4.13 −4.38 −4.23
24 −3.29 −3.26 −2.47 −3.49 −3.67 −3.26
25 −3.26 −2.35 −2.27 −4.12 −4.59 −3.92
26 −2.41 −1.82 −1.74 −3.24 −3.67 −3.64
27 −1.90 −1.35 −1.21 −3.08 −3.67 −3.90
28 −1.28 −2.33 −1.71 −1.25 −1.63 −2.07 −1.58 −1.51 −1.28 −1.77 −2.51
29 −3.62 −4.13 −3.57 −3.69 −3.42 −4.24 −3.30 −3.46 −3.15 −3.67 −3.14
30 −2.85 −2.81 −2.10 −2.67 −2.19 −2.79 −2.21 −2.30 −2.25 −2.25 −1.96
31 −3.67 −3.35 −3.34 −3.89 −3.24 −4.30 −3.11 −3.40 −3.14 −3.56 −2.52
32 −1.58 −2.03 −1.69 −1.56 −1.48 −2.19 −1.44 −1.49 −1.32 −1.66 −1.85
33 −2.27 −2.19 −1.70 −1.99 −1.74 −2.18 −1.87 −1.63 −1.68 −1.44 −2.16
34 −0.58 −1.28 −1.36 −0.72 −1.36 −1.46 −1.30 −1.31 −1.07 −1.66 −2.36
35 −3.64 −3.68 −2.31 −3.53 −2.81 −3.76 −2.73 −3.05 −2.86 −3.14 −2.05
36 −4.10 −4.19 −3.34 −4.09 −2.96 −3.70 −3.04 −3.20 −3.27 −2.90 −1.89
37 −6.35 −4.98 −7.56 −6.34 −7.54 −5.15 −7.68 −7.44 −7.35 −7.25 −7.57
38 −1.95 −1.32 −1.70 −2.16 −1.83 −2.17 −2.01 −1.73 −1.85 −1.44 −2.17
39 −1.44 −2.39 −1.60 −2.99 −1.64 −1.54 −1.48 −1.44 −1.59
40 −4.05 −4.69 −3.73 −5.31 −3.55 −3.86 −3.53 −4.05 −2.71
41 −2.14 −3.63 −2.08 −4.80 −1.88 −2.18 −1.86 −2.37 −1.11
42 −2.04 −3.20 −1.71 −4.23 −1.60 −1.73 −1.53 −1.77 −0.99
43 −2.84 −2.91 −1.77 −4.79 −1.47 −1.70 −1.19 −2.15 −1.41
44 −3.67 −3.29 −2.56 −3.62 −2.55 −2.62 −2.51 −2.58 −2.13
45 −3.81 −3.13 −2.68 −5.72 −2.04 −2.76 −1.75 −3.92 −2.29
46 −2.54 −2.94 −1.89 −3.48 −1.90 −1.88 −1.82 −1.77 −1.52

A. Equation (1), developed and validated in our earlier research [36]:

log Kp
(1) = −1.39 (±0.18) − 0.35 (±0.03) (N + O) + 0.15 (±0.04) log D − 0.23 (±0.06) HD

(n = 60, R2 = 0.83, R2
adj. = 0.82, F = 92.3, p < 0.01, se = 0.44) (1)
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B. EpiSuite software (DERMWIN v. 2 module) (log Kp
EPI), recommended by the US

Environmental Protection Agency and related to the widely recognized Potts’ model
of skin permeability [10]:

log Kp = −2.80 + 0.66 log Pow − 0.0056 Mw (R2 = 0.66) (2)

C. PreADMET 2.0 software [38] (log Kp
pre)

Initially, attention was turned to partition phenomena in the human stratum corneum.
It was noted that Equation (1) may be a source of valuable information on solute partition-
ing between water and the stratum corneum. The process of skin absorption of topically
applied compounds is relatively complex and consists of three steps: (i) penetration of the
stratum corneum (SC), either by polar or lipid transport pathways; (ii) permeation through
deeper skin layers and (iii) resorption, i.e., the uptake of a substance into the vascular
system [39]. The SC is the rate-limiting skin layer [39,40] and good partition between water
and the SC is an important prerequisite for effective skin absorption. Skin permeability
coefficients calculated according to Equation (1) were correlated with experimental val-
ues of SC/water partition coefficients for lipid and protein domains (log Ksc/w

lip and log
Ksc/w

prot, respectively) determined by Anderson et al. [40]. The correlations obtained for a
group of hydrocortisone esters (compounds 17 to 27) were moderate (R2 = 0.70 for lipid
and 0.41 for protein domain, respectively). A group of 14 other steroid compounds (2,
3, 5 to 16), whose SC/water and lipid/water partition parameters were studied by other
authors [2,41], showed good correlations between log Ksc/w and log Kp

(1) (R2 = 0.80, n = 14).
For compounds 3, 6, 7, 12 and 14, the correlation between log Ksc/w

lip and log Kp
(1) was

also linear (R2 = 0.85, n = 5).
Equation (1) was applied to a group of 27 steroid drugs whose experimental skin

permeability coefficients are available (Table 1). It was discovered that these drugs formed
two subgroups (Figure 1): compounds 1 to 16 (log Kp

exp taken from Refs. [2,4,42–44]) and 17
to 27 (log Kp

exp given by Anderson et al. [40]). The skin permeability coefficients calculated
for these compounds according to Equation (1) (log Kp

(1)) were in good agreement with
the experimental values (log Kp

exp) (linear relationships within the subgroups, R2 = 0.81
for compounds 1 to 16 and 0.74 for compounds 17 to 27, respectively). The correlation
between calculated (Equation (1)) and experimental values of log Kp for compounds 17 to
27 was even better (R2 = 0.84) once two ionic molecules that contain free carboxyl groups
(20 and 21) were removed as outliers.
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A similar situation arose when log Kp
EPI values were considered; thus, compounds 1

to 27 again formed two subgroups (1 to 16 and 17 to 27) whose experimental log Kp values
gave reasonable correlations with log Kp

EPI (R2 = 0.69 and 0.86, respectively), although
the subgroups partially overlapped (Figure 2). The reasons for discrepancies between
experimental log Kp

exp values for compounds 1 to 16 and 17 to 27 are unclear. However,
because the log Kp

exp values for compounds 17 to 27 were taken from a single source [40],
the differences in experimental methodology may have had more influence on log Kp

exp

values obtained by different authors than the physicochemical properties of the studied
compounds. Related problems with the “Anderson’s dataset” (with a similar explanation)
were described by Abraham et al. [4].
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The results of log Kp calculations using preADMET software seemed more consistent
(Figure 3); compounds 1 to 27 gave a single group whose calculated (log Kp

pre) and
experimental (log Kp

exp) values were in good agreement (R2 = 0.87, n = 27). However,
since there was no reason to suspect that, for studied compounds, the predicted values
of log Kp

pre were more (or less) reliable than the values calculated by other methods, the
decision was made to consider also log Kp

EPI and log Kp
(1) as reference values in further

investigations.
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One of the key properties responsible for skin permeability of solutes is lipophilic-
ity. Some earlier chromatographic studies of lipophilicity of steroids and steroid ana-
logues [45,46] were based on the linear extrapolation approach. Chromatographic parame-
ters for a single-solvent mobile phase were obtained by using a series of chromatographic
experiments with mobile phases containing different concentrations ϕ of a modifier. Plots
of RM or log k (for TLC and HPLC, respectively) vs. ϕ were extrapolated to zero concen-
tration of the modifier to furnish RM

0 (log k0). The most common method to do so is by
using the linear Soczewiński-Wachmeister equation: RM = RM

0 + Sϕ [47]. Apart from the
RM

0 value, other useful chromatographic descriptors derived from the linear extrapolation
method are the slope S and C0 = −RM

0/S. The extrapolation method, although commonly
used and recognized, has certain drawbacks. Several chromatographic experiments are
required and the extrapolated RM

0 values depend on a modifier and its concentration
range used to generate RM = f (ϕ) plots. In this study, therefore, the single chromatographic
run approach was used. It was established that for the 16 steroids analyzed chromato-
graphically, RM values collected using a single concentration of an organic modifier in a
mobile phase were very closely related to their lipophilicity. For example, for lipophilicity
calculated using ACDLabs v. 8.0 software, the relationship between log P and RM was
linear (R2 = 0.92, Figure 4).
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Based on log Kp reference values obtained by methods A to C, Equations (3)–(5) were
developed for compounds 1 to 5 and 28 to 38, whose RP-18 thin layer chromatographic
retention data are available: (Figure 5)

log Kp
EPI = −1.66 (±0.24) − 0.011 (±0.005) PSA + 0.24 (±0.05) HD − 0.0036 (±0.0017) VM + 2.01 (±0.24) RM

(n = 16, R2 = 0.99, R2
adj = 0.98, RMSECV = 0.21, F = 229.0, p < 0.01, se = 0.18)

(3)

log Kp
(1) = 0.17 (±0.31) − 0.011 (±0.006) PSA − 0.14 (±0.06) HD − 0.0065 (±0.0022) VM + 1.01 (±0.30) RM

(n = 16, R2 = 0.99, R2
adj. = 0.78, RMSECV = 0.31, F = 174.8, p < 0.01, se = 0.22)

(4)

log Kp
pre = −3.77 (±0.61) − 0.043 (±0.012) PSA + 0.18 (±0.13) HD + 0.011 (±0.004) VM + 0.027 (±0.600) RM

(n = 16, R2 = 0.90, R2
adj.= 0.86, RMSECV = 0.60, F = 23.6, p < 0.01, se = 0.45)

(5)
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Figure 5. Equation (4) predicted vs. observed values.

The selection of independent variables in Equations (3)–(5) is a logical consequence of
the influence on skin permeability of molecules of lipophilicity, polarity, molecular size
and ability to form hydrogen bonds. For example, in Equation (3) the variables were
selected by stepwise regression in the following order: RM (which accounts for 89% of
total variability), VM, HD and PSA. Equations (3) to (5) were also tested on a subgroup
of five compounds analyzed in this study whose chromatographic data and log Kp

exp

values were available. The resulting dependences between the calculated and experimental
log Kp values were linear, with R2 = 0.97, 0.94 and 0.98, respectively. However, when
eight additional, nonsteroid compounds (mainly drugs of low to medium lipophilicity, not
particularly bulky molecules, with moderate ability to form H-bonds) 39 to 46 (ibuprofen,
salicylic acid, indomethacin, naproxen, methylparaben, aspirin, piroxicam, and ranitidine)
were incorporated in a test set, the correlations between the calculated and experimental
log Kp values remained linear only for Equation (4), with R2 = 0.85 (for Equation (3) and
Equation (5) R2 = 0.53 and 0.30, respectively).

The result obtained for Equation (4) (as compared to Equations (3) and (5)) confirms
the versatility of Equation (4) which was tested on a set of compounds of different physic-
ochemical properties. It is stressed here that the coefficients for PSA, HD and VM in
Equation (4) are negative (as opposite to Equations (3) and (5)) which (as already observed,
e.g., by Lien and Gaot [48]) suggests that excessive hydrogen bonding, polar surface area
and molecular size are obstacles to epidermal permeability.

Equation (4), efficient as it may be, seems somewhat over-parameterized. In search for
a simpler, yet efficient model, Equations (6)–(10) were considered: (Figure 6)

log Kp
(1) = 0.43 (±0.30) − 0.17 (±0.07) HD − 0.010 (±0.001) VM + 1.48 (±0.17) RM

(n = 16, R2 = 0.98, R2
adj. = 0.97, RMSECV = 0.42, F = 195.2, p < 0.01, se = 0.24) (6)

log Kp
(1) = 0.20 (±0.35) + 1.09 (±0.34) RM − 0.0063 (±0.0025) VM − 0.015 (±0.007) PSA

(n = 16, R2= 0.98, R2
adj. = 0.97, RMSECV = 0.41, F = 176.0, p < 0.01, se = 0.26) (7)

log Kp
(1) = 0.58 (±0.35) + 1.80 (±0.14) RM − 0.011 (±0.001) VM

(n = 16, R2 = 0.97, R2
adj.= 0.96, RMSECV = 0.31, F = 201.5, p < 0.01, se = 0.29) (8)

log Kp
(1) = −0.14 (±0.16) − 0.035 (±0.002) PSA.

(n = 16, R2 = 0.96, R2
adj. = 0.96, RMSECV = 0.40, F = 327.3, p < 0.01, se = 0.32) (9)
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log Kp
(1) = 0.60 (±0.78) − 0.61 (±0.12) HD − 0.0079 (±0.0026) VM

(n = 16, R2 = 0.85, R2
adj. = 0.83, RMSECV = 0.69, F = 37.5, p < 0.01, se = 0.64) (10)
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Figure 6. Equation (7) predicted vs. observed values.

Equations (6)–(10) were tested on a set of 13 compounds whose log Kp
exp values were

available (compounds 1 to 5 and 39 to 46), giving correlations of different quality (R2 = 0.75,
0.83, 0.67, 0.79 and 0.74, respectively). Equation (7), which is a simplified version of Equa-
tion (4) (with one independent variable (HD) omitted), gave the best fit with experimental
log Kp data. However, Equations (9) and (10), unlike other equations developed in this
study, do not require access to compound samples, so they have the benefit of applicability,
e.g., to new drugs at the design stage. Equation (9), which contains only one independent
variable (PSA), is somewhat similar to the blood and brain barrier (BBB) permeability and
human intestinal absorption (HIA) models developed by Clark [49,50], which strengthens
the notion that physicochemical properties associated with good penetration of different
biological barriers are interrelated.

Equations (9) and (10) were tested on a group of all compounds (steroids and nons-
teroids) whose log Kp

exp values were available, including solutes that had not been used
for validation of other equations because of the lack of chromatographic data. It was estab-
lished that log Kp values calculated according to these equations (log Kp

(9) and log Kp
(10))

were in moderate agreement with experimental data for a dataset containing 24 compounds
(1 to 16 and 39 to 46) (R2 = 0.65 and 0.62), but correlations were poorer for the group of
hydrocortisone esters 17 to 27 studied by Anderson [40]. It was, therefore, concluded that
Equations (9) and (10) should be used with caution for rapid, rough estimations of skin
permeability of compounds before they are synthesized. In other situations, predictions
based on more sophisticated models (e.g., Equations (1) or (7)) are recommended.

3. Materials and Methods
3.1. Chemicals

The 16 steroid drugs analyzed experimentally during these investigations (1 to 16:
cortisol, hydrocortisone acetate, methyltestosterone, progesterone, testosterone propi-
onate, testosterone heptanoate, cortisone acetate, prednisolone, estrone, estradiol benzoate,
desoxycorticosterone acetate, tibolone, spironolactone, eplerenone, digoxin and dexam-
ethasone) were donated as free samples by Polfa-Pabianice or isolated from pharmaceutical
preparations. Nonsteroid compounds 39 to 46 (ibuprofen, salicylic acid, indomethacin,
naproxen, methylparaben, aspirin, piroxicam, and ranitidine) were also donated as free
samples by Polfa-Pabianice or isolated from pharmaceutical preparations. The purity
of solutes isolated from pharmaceutical preparations was assessed by thin layer chro-
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matography and densitometry. All isolated compounds gave single chromatographic spots
(densitometric peaks) and were used without further purification. Compounds obtained
from Polfa-Pabianice were of analytical or pharmacopeial grade. Distilled water used for
chromatography was obtained from an in-house distillation apparatus. Analytical grade
acetonitrile and methanol were obtained from Avantor Performance Materials (formerly
Polskie Odczynniki Chemiczne, Gliwice, Poland). pH 7.4 phosphate buffered saline was
obtained from Sigma-Aldrich.

3.2. Thin Layer Chromatography

Thin layer chromatography was performed according to [33] on 10 × 20 cm glass-
backed RP-18 F254s TLC plates from Merck, Germany (layer thickness 0.25 mm). Before use,
the plates were prewashed with methanol-dichloromethane 1:1 (v/v) and dried overnight
in ambient conditions. Solutions of compounds 1 to 16 in methanol (1 µg·µL−1, spotting
volume 1 µL), were spotted with a Hamilton microsyringe 15 mm from the plate bottom
edge, starting 10 mm from the plate edge, at 8 mm intervals. The chromatographic
plates were developed in a vertical chromatographic chamber lined with filter paper and
previously saturated with the mobile phase vapor for 20 min. The mobile phase consisted
of acetonitrile/pH 7.4 phosphate buffered saline 70:30 (v/v). The development distance
was 95 mm from the plate bottom edge. After development, the plates were dried at
room temperature and examined under UV light (254 nm) and with the Desaga CD60
densitometer (Multiwavelength Scan, 200–300 nm at 20 nm intervals). All chromatograms
were repeated in duplicate, and the mean Rf values were used in further investigations.
The chromatographic parameter RM considered in these investigations was defined by
Bate-Smith and Westall: RM= log (1/Rf−1) [51]. The chromatographic data are presented
in Table 2.

3.3. Calculated Molecular Descriptors

The molecular descriptors for compounds investigated during this study (octanol
water partition coefficient log Pow; molecular weight MW; distribution coefficient logD;
polar surface area PSA; H-bond donors count HD; H-bond acceptors count HA; freely
rotatable bonds count FRB; molar volume VM; polarizability α; molar refractivity R) were
calculated using ACD/Labs 8.0 software. Total oxygen and nitrogen atom count (N + O)
was calculated from molecular formulae. The calculated molecular descriptors are given
in Table 2. Statistical analysis was done using Statistica v.13 or StatistiXL v. 2. Equations
(3)–(10) were tested using leave-one-out methodology.
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Table 2. Physicochemical and chromatographic descriptors for compounds 1 to 46.

log P MW PSA FRB HD HA R VM α N + O logD RM

1 Dexamethasone 1.87 392.5 94.8 5 3 5 100.2 296.2 39.7 5 1.87 −0.35
2 Hydrocortisone (HC) 1.43 362.5 94.8 5 3 4 95.6 281.4 37.9 5 1.43 −0.33
3 Progesterone 4.04 314.5 34.1 1 0 2 91.0 289.0 36.6 2 4.04 0.60
4 Prednisolone 1.49 360.4 94.8 5 3 5 95.5 274.7 37.9 4 1.49 −0.33
5 Estrone 3.69 270.4 37.3 1 1 2 78.1 232.2 30.9 2 3.69 0.09
6 Aldosterone 0.46 360.4 83.8 4 2 5 93.7 272.1 37.1 5 0.46
7 Corticosterone 1.76 346.5 74.6 4 2 4 94.0 284.3 37.3 4 1.76
8 Pregnenolone 4.52 316.5 37.3 2 1 2 92.4 290.0 36.6 2 4.52
9 17-α-Hydroxyprogesterone 2.89 330.5 54.4 2 1 3 92.6 286.1 36.7 3 2.89

10 17-α-Hydroxypregnenolone 3.38 332.5 57.5 3 2 3 93.9 287.2 37.2 3 3.38
11 Deoxycorticosterone 3.41 330.5 54.4 3 1 3 92.5 286.3 36.7 3 3.41
12 Testosterone 3.48 288.4 37.3 1 1 2 83.1 257.0 33.0 2 3.48
13 Cortexolone 1.74 346.5 74.6 2 4 2 94.1 283.4 37.3 4 2.74
14 Estradiol 4.13 272.4 40.5 2 2 2 79.5 232.6 31.5 2 4.13
15 Estriol 2.94 288.4 60.7 3 3 3 81.1 229.6 32.2 3 2.94
16 Cortisone 1.44 360.4 91.7 4 2 5 94.2 280.3 37.3 5 1.44
17 HC succinamate 1.45 461.6 144.0 9 4 8 118.2 351.8 46.8 8 1.45
18 HC N,N-dimethylsuccinate 2.05 489.6 121.2 9 2 8 127.7 386.8 50.6 8 2.05
19 HC methylsuccinate 2.53 476.6 127.2 10 2 8 120.9 370.4 47.9 8 2.53
20 HC hemisuccinate 2.13 462.5 138.2 9 3 8 116.1 345.6 46.0 8 1.95
21 HC pimelate 3.07 504.6 138.2 12 3 8 130.0 393.9 51.5 8 2.99
22 HC pimelamate 2.61 531.7 121.2 12 2 8 141.6 435.0 56.1 8 2.61
23 HC 6-hydroxyhexanoate 2.63 476.6 121.1 12 3 7 125.2 381.0 49.6 7 2.63
24 HC propionate 3.05 418.5 100.9 7 2 6 109.8 335.4 43.5 6 3.04
25 HC methylpimelate 3.53 518.6 127.2 13 2 8 134.8 418.7 53.4 8 3.53
26 HC hexanoate 4.64 460.6 100.9 10 2 6 123.7 383.7 49.0 6 4.64
27 HC octanoate 5.70 488.7 100.9 12 2 6 132.9 415.9 52.7 6 5.70
28 Estradiol benzoate 6.24 376.5 46.53 4 1 3 109.3 317.6 43.3 3 6.24 0.91
29 HC acetate 2.51 404.5 100.9 6 2 6 105.2 319.3 41.7 6 2.51 −0.12
30 Deoxycortisone acetate 4.53 372.5 60.4 4 0 4 102.1 324.3 40.5 4 4.53 0.41
31 Cortisone acetate 2.53 402.5 97.7 5 1 6 103.8 318.2 41.1 6 2.53 −0.12
32 Testosterone propionate 4.90 344.5 43.4 3 0 3 97.3 311.2 38.6 3 4.90 0.85
33 Methyltestosterone 4.02 302.5 37.3 1 1 2 87.8 273.0 34.8 2 4.02 0.41
34 Testosterone enanthate 7.03 400.6 43.4 7 0 3 115.9 375.9 45.9 3 7.03 1.38
35 Spironolactone 3.12 416.6 85.7 2 0 4 112.7 335.8 44.7 4 3.12 0.14
36 Eplerenone 1.05 414.5 78.9 2 0 6 106.1 315.7 42.1 6 1.05 −0.21
37 Digoxin 0.85 780.9 203.1 13 6 14 196.4 572.3 77.9 14 0.85 −0.91
38 Tibolone 4.02 312.5 37.3 1 1 2 90.0 274.2 35.7 2 4.02 0.33
39 Ibuprofen 37.3 1 200.3 0.08
40 Ranitidine 111.6 2 265.5 −0.66
41 Aspirin 63.6 1 139.6 −0.50
42 Methylparaben 46.5 1 124.8 −0.41
43 Salicylic acid 57.5 2 100.4 −0.37
44 Indomethacin 69.6 1 269.6 −0.07
45 Piroxicam 108 2 212.0 0.00
46 Naproxen 46.5 1 192.3 −0.16

4. Conclusions

The skin permeability of steroids, as investigated in this study, is important because
some of these compounds are, or could be used in preparations applied topically. Pre-
dicting skin permeability of steroids is a difficult task because steroid drugs have very
different physicochemical properties and may cross the skin barrier by a variety of mecha-
nisms [4]. Experimental skin permeability data exist only for a part of the studied group
and they form three mutually incompatible steroid datasets [1,4], with experimental values
given by Anderson et al. [40] distinctively higher than expected, as already reported by
Abraham et al. [4]. Due to the limited availability of consistent experimental data for the
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studied solutes, the reference skin permeability coefficients log Kp were calculated using
three methods: log Kp

EPI based on log Pow and Mw as proposed by Potts and Guy [10];
Equation (1) developed earlier [36] and based on (N + O), HD and log D; and by preADMET
software [38]. It was established that Equation (1), proposed for structurally unrelated,
nonsteroid drugs was also applicable to the group of studied steroids, as shown using a
subset of compounds whose experimental log Kp data were available. It is also a useful
tool to study the partition between the stratum corneum (especially the lipid domain) and
water. However, the solutes from the so-called “Anderson dataset” [40] form a separate
subgroup, parallel to the correlation line obtained for compounds studied by other au-
thors [1,2] (Figures 1 and 2). Skin permeability models developed earlier (Equation (1) [36])
or in this study (Equations (4), (7), (9) and (10)) were found to predict log Kp of steroids
fairly well (especially Equations (1) and (7)) and have the benefit of being based only on
calculated descriptors (Equations (1), (9) and (10)). It was established that the applicability
of equations proposed in this study ((7), (9) and (10)) extend beyond steroid compounds.

Author Contributions: Conceptualization, A.W.W.S.; methodology, A.W.W.S. and E.B.; investigation,
A.W.W.S.; writing—original draft preparation, A.W.W.S. and J.R. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by an internal grant of the Medical University of Łódź no.
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Abstract: Dietary supplements of botanical origin are increasingly consumed due to their content
of plant constituents with potential benefits on health and wellness. Among those constituents,
terpenes are gaining attention because of their diverse biological activities (anti-inflammatory, an-
tibacterial, geroprotective, and others). While most of the existing analytical methods have focused
on establishing the terpenic fingerprint of some plants, typically by gas chromatography, methods
capable of quantifying representative terpenes in herbal preparations and dietary supplements with
combined high sensitivity and precision, simplicity, and high throughput are still necessary. In this
study, we have explored the utility of capillary liquid chromatography (CapLC) with diode array
detection (DAD) for the determination of different terpenes, namely limonene, linalool, farnesene,
α-pinene, and myrcene. An innovative method is proposed that can be applied to quantify the targets
at concentration levels as low as 0.006 mg per gram of sample with satisfactory precision, and a
total analysis time <30 min per sample. The reliability of the proposed method has been tested by
analyzing different dietary supplements of botanical origin, namely three green coffee extract-based
products, two fat burnings containing Citrus aurantium (bitter orange), and an herbal preparation
containing lime and leaves of orange trees.

Keywords: natural products; plant materials; dietary supplements; terpenes; capillary liquid chro-
matography

1. Introduction

Today, a wide variety of products are available intended to supplement the diet with
the idea of promoting health and wellness. Dietary supplements are considered products at
the interface between pharma and nutrition [1,2]. However, the regulations established for
their preparation and distribution are not as strict as those set for pharmaceuticals [3]. Of
particular concern are preparations that contain mixtures of plants, either in the whole form
or as extracts, because they are perceived as safe for consumers due to their natural origin.
Unlike homogeneous pharmaceuticals, supplements elaborated with similar ingredients
may contain highly variable amounts of active compounds, depending on the plant sources
and processes used during their production [4]. For these reasons, increasing attention is
being paid to control the quality and efficacy of botanic dietary supplements through the
analysis of their bioactive components [3,5]. In addition, adulteration and counterfeiting
(such as the use of prohibited additives and incorrect botanical or geographical declaration)
are frauds commonly detected in dietary supplements. Therefore, adequate analytical
methods are required to detect such manipulations [6].

Plants are sources of several functional compounds, such as phenols, alkaloids,
steroids, terpenes, and others. In particular, terpenes have been reported to exhibit di-
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verse beneficial effects including anti-inflammatory, antimicrobial, anticarcinogenic or
anti-aging [7–9]. Because of such properties, the levels of terpenes are gaining impor-
tance for assessing the biological activity of a variety of medicinal plants and dietary
supplements [4,10]. Terpenoids are the main constituents of essential oils, and due to
their volatility, they are responsible for the aroma. Some representative terpenes, such as
linalool, have been proposed as biomarkers to detect adulterations and to control the safety
of marketed products [11]. Due to its antimicrobial activity, limonene has been proposed as
an ecological preservative in some food products [12].

Gas chromatography (GC) has been extensively used for the analysis of volatile
terpenes in plants. The studies reported during the past years were mainly focused on
establishing the terpenes profile of different vegetal species and fruit beverages [13–19].
Only a few works dealt with the determination of terpenes in products aimed at enhancing
health. This is the case of the study reported by Mukazayire et al., who described a method
for the characterization of essential oils in medicinal plants with notable antioxidant
activity [20]; the investigation included some terpenic compounds. As most of those
studies were aimed at establishing the volatile profile of the tested plants, GC with mass
spectrometry (MS), or GC × GC-MS, often in combination with multivariate data treatment,
were the analytical techniques used. Liquid chromatography (LC), on the other hand, is
the predominant technique in the analysis of plants used as food and medicines, although
its application to the analysis of terpenes is rare [10]. This can be explained by the fact
that terpenes are volatile and thus, well suited for GC, and also because of the lack of
chromophores in their structure, which can be a serious limitation considering that the
levels of terpenes in this kind of samples are usually low (<1%) [4].

Recent progress in LC has resulted in miniaturized scale separations, such as capillary
LC (CapLC) with enhanced resolution and sensitivity derived from the fact that the dis-
persion of the analytes during the separation is considerably reduced [21]. Miniaturized
LC offers additional advantages such as lower consumption of mobile and stationary
phases, and a reduction in the generation of wastes [22]. However, in the analysis of dietary
supplements, CapLC has only been applied to a few compounds so far, mainly amino acids
and peptides, fatty acids, and flavonoids [23]. Therefore, the potential of CapLC for the
analysis of terpenes in dietary supplements remains unexplored. In a recent study, we
demonstrated that CapLC is a valuable tool for estimating the content of terpenes of resins
obtained from different trees. Because of the high sensitivity attained, the method could
be applied to the analysis of limonene, amyrin, lupeol, and lupenone in microsamples of
resins [24].

Taking advantage of its high sensitivity, in the present study we report for the first
time the application of CapLC to the quantification of representative terpenes in dietary
supplements. The target compounds selected were limonene, linalool, farnesene, α-pinene,
and myrcene. The chemical structure and main biological effects of these compounds
according to the literature are shown in Table 1. The analytes were previously extracted
from the samples in methanol using an ultrasound-assisted extraction (UAE) protocol.
The proposed approach has been applied to the analysis of different commercial products
containing botanical species as main ingredients with a variety of claimed properties
(stimulant, fat-burning, and relaxant).
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Table 1. Chemical structure and main effects of the tested compounds.
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- Anti-inflammatory [8]
- Antimutagenic [26]

2. Results
2.1. Separation and Analytical Performance

Different chromatographic conditions were assayed to achieve a satisfactory resolution
of the analytes from other plant constituents. As it can be deduced from Table 1, the target
analytes do not have polar groups (e.g., -OH or -NH2) in their chemical structure. As
a result, they are quite hydrophobic substances; the log of their octanol-water partition
coefficients ranges from 2.97 (linalool) to 7.10 (farnesene) [27]. Thus, they were expected
to elute at high retention times under reversed-phase separation conditions. With this
in mind, different experiments were carried out with standard solutions of the analytes
and with methanolic extracts of the samples tested in order to select a gradient elution
program adequate for the separation of the analytes from other plant constituents with
polar groups (polyphenols, amines). Most matrix compounds were found in the first part of
the chromatograms under the conditions selected (Section 4.2) whereas the analytes eluted
in the 15–20 min time window, and they were satisfactorily resolved, as can be seen in
Figure 1. In this figure are depicted the chromatograms obtained at 200 nm and 220 nm for
a mixture of the tested terpenes (5 µg mL−1 each compound). Although myrcene exhibited
higher absorptivity at 220 nm, the peak areas were higher for most compounds at 200 nm
(detector saturation was observed for linalool at 200 nm). Therefore, 200 nm was selected
as the working wavelength. The retention times are listed in Table 2.
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Figure 1. Chromatograms obtained under the selected conditions at 200 nm and 220 nm for a
standard solution of the tested compounds (5 µg mL−1 each). For other experimental details, see text.

Table 2. Times of retention (tr) and analytical parameters obtained with the proposed method.

Compound tr
(min)

Concentration
Interval

(µg mL−1)

Linearity, n = 10
/R2

LOD 1

(µg mL−1)

LOQ 2

(µg
mL−1)

RSD 3,
n = 3
(%)

Linalool 15.5 0.02–1.0 y = (20,200 ± 200) x + (67 ± 90)
/0.999 0.005 0.02 11

Myrcene 17.3 0.05–2.5 y = (530 ± 20) x +(−20 ± 20)
/0.992 0.01 0.04 2

Limonene 17.6 1.0–10.0 y = (920 ± 40) x +(−600 ± 300)
/0.993 0.25 1.0 3

α-Pinene 18.0 1.0–10.0 y = (166 ± 6) x +(−60 ± 30)
/0.993 0.25 1.0 11

Farnesene 19.3 1.0–5.0 y = (900 ± 40) x +(−200 ± 100)
/0.991 0.25 1.0 11

1 LOD—limit of detection; 2 LOQ—limit of quantification; 3 established at a concentration of 1 µg mL−1.

Next, the analytical performance was evaluated by processing standard solutions
of the analytes. The working concentration ranges were selected in order to obtain peak
areas of about the same order for all the analytes at the working wavelength (200 nm). The
results of this study are summarized in Table 2.

The linearity was evaluated for each compound by processing in duplicate five con-
centrations within the tested concentration range. Satisfactory linearity was observed in all
instances. The limits of detection (LODs) and limits of quantification (LOQs) were estab-
lished as the concentrations of analyte that resulted in signal-to-noise ratios of 3 and 10,
respectively. These values were obtained by processing solutions with decreasing concen-
trations of the analytes; before analyzing each solution, water was processed to confirm
the absence of contaminants and/or memory effects. The LODs ranged from 0.005 to
0.25 µg mL−1, whereas the LOQs were in the 0.02–1.0 µg mL−1 interval. Finally, the pre-
cision was established through the successive injection of three replicates of standard
solutions of the analytes. The relative standard deviations (RSDs) obtained were in the
2–11% range.

2.2. Sample Treatment

For sample treatment UAE was applied, using methanol as the extractive solvent.
Portions of 25 mg of the homogenized samples were placed in glass vials. Then, 5 mL
of methanol were added to the vials, and the resulting suspensions were first vortexed,
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and then placed in an ultrasonic bath for 5 min. The supernatant was separated from
the solid residue and filtered. Finally, a portion of the extract was treated with 0.1%
hydrochloric and injected into the chromatograph. No significant peaks were observed in
the chromatograms obtained when the solid residues were further treated with a second
5-mL portion of methanol and subjected to the same extraction protocol.

The recoveries obtained under the proposed treatment were calculated by spiking a
sample with known amounts of the analytes. The amount of each compound added to
the sample was 0.25 µg g−1. In this study sample GCE-3 was used because according to
the label, it contained a greater number of ingredients. The recoveries were calculated
by comparing the increments of the peak areas for the analytes in the spiked samples
with those obtained for standard solutions containing an equivalent concentration of each
compound. The values obtained are listed in Table 3. As observed, the recoveries ranged
from 95% to 106%.

Table 3. Recovery and precision obtained in spiked green coffee. Values calculated for a spiked
amount of the analytes of 0.25 mg g−1.

Compound Mean Recovery
(%)

Precision, RDS
(%)

Intra-Day
(n = 3)

Inter-Day
(n = 6)

Linalool 96 ± 5 5 4
Myrcene 106 ± 3 3 10

Limonene 95 ± 10 11 13
α-Pinene 98 ± 9 10 13
Farnesene 105 ± 7 7 6

In order to study the intra-day precision of the entire procedure, three portions of the
samples were spiked with the analytes and processed consecutively; the inter-day precision
was obtained from six replicates of the spiked samples processed on different days. The
results are listed in Table 3. This table shows that the RSD values were of about the same
order as those found for standard solutions of the analytes (Table 2).

2.3. Quantification of Terpenes in Dietary Supplements

The proposed method was applied to the analysis of different dietary supplements,
namely three green coffee extracts-based products claimed to enhance physical perfor-
mance, two fat burning products for losing weight, and herbal preparation (relaxant).
Portions of 25 mg of the samples were treated with 5 mL of methanol as described above,
and then the extracts were chromatographed. The presence of a compound in a sample was
established from the concordance between the retention times and spectra of the suspected
peak and those of a standard solution, and it was further confirmed by spiking the extract
with such a compound. This is illustrated in Figure 2a for the peak identified as linalool
in the chromatogram corresponding to the extract obtained for sample FB-1. This figure
shows the chromatograms of the extract obtained for the sample and the same extract
spiked with 1 µg mL−1 of linalool; this figure also shows the chromatogram obtained for a
standard solution of linalool. The normalized spectra registered for linalool in the standard
solution and the peak attributed to linalool in the sample are shown in Figure 2b. A good
correlation between the two normalized spectra can be observed. The chromatogram
obtained for sample FB-2 is depicted in Figure 2c.
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Figure 2. (a) Chromatograms obtained for a standard solution of linalool (5 µg mL−1), for the extract
of sample FB-1, and the same extract spiked with linalool (1 µg mL−1). (b) normalized spectra of
linalool and the peak attributed to linalool in the chromatogram of sample FB-1. (c) Chromatogram
of the extract obtained for sample FB-2. For other experimental details, see text.

As an illustrative example of the signals of compounds present at very different
concentrations, in Figure 3 are shown the peaks of the analytes found in sample HP for
limonene, which corresponded to the highest concentration found for this compound
throughout the study, and for farnesene and myrcene, both compounds present at the
lowest concentrations in the sample.

For the quantitative study, the methanolic extracts obtained for each sample were
chromatographed and the peak areas of the compounds found were calculated; if required,
the extracts were previously diluted with water to adjust the peak areas of the analytes to
their respective working linear intervals. The concentrations in the extracts were established
from the calibration equations of Table 2, and then transformed into amounts of analyte in
the samples taking into account the dilution factors (if applicable) and the recovery values
of Table 3. The results obtained for all the samples tested are listed in Table 4.
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Figure 3. Peaks of limonene, myrcene, and farnesene in the chromatogram obtained for sample HP.
For other experimental details, see text.

Table 4. Results obtained for the dietary supplements analyzed (n = 3).

Sample Found
Compounds

Found Amounts 1

mg per unit
(n = 3)

mg per g
(n = 6)

GCE-1 Limonene
Myrcene

0.350 ± 0.004
0.059 ± 0.003

0.318 ± 0.003
0.054 ± 0.003

GCE-2 - - -

GCE-3 Limonene
Myrcene

0.84 ± 0.01
1.3 ± 0.2

1.68 ± 0.01
2.6 ± 0.3

FB-1
Limonene
Linalool
Myrcene

0.129 ± 0.001
0.0031 ± 0.0001
0.0200 ± 0.001

0.258 ± 0.002
0.006 ± 0.001
0.039 ± 0.003

FB-2
Limonene
Linalool
Myrcene

0.130 ± 0.002
0.003 ± 0.001

0.0030 ± 0.0005

0.520 ± 0.005
0.012 ± 0.001
0.012 ± 0.001

HP

Limonene
Linalool
Myrcene

Farnesene

2.60 ± 0.05
<LOQ

0.150 ± 0.001
0.100 ± 0.003

1.90 ± 0.04
<LOQ

0.110 ± 0.001
0.070 ± 0.002

1 Values expressed with digits known plus the first uncertain digit.

The results of Table 4 indicate that all samples tested contained limonene and myrcene,
except sample GCE-2. Linalool was found in the fat burning and relaxant preparations,
although in the later sample its concentration was below its LOQ. α-Pinene was not
detected in any of the samples assayed.

As it can be deduced from the results of Table 4, most compounds were present in
the samples at sub mg per gram of product levels. Relatively high amounts of limonene
were found in some of the samples; a high content of myrcene was found in sample GCE-3.
In contrast, none of the tested compounds was found in sample GCE-2. Considering the
rest of the samples, the lowest content of terpenes corresponded to sample FB-1, which
contained a total amount of 0.136 mg of the tested compounds per unit. The highest value
was found in sample HP, with 2.85 mg of the terpenes tested per unit. Expressed in relative
terms, the highest amount of terpenes was observed in sample GCE-3, with a total amount
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of 4.28 mg per g of sample (0.482%). A high value was also found in sample HP (2.1 mg
per g of product), whereas for the rest of the samples, the total amount of terpenes was
0.3–0.5 mg per g of sample.

3. Discussion

Several studies have been carried out to establish the content of relevant terpenes in
different vegetal species and beverages for a better characterization of their flavor charac-
teristics and/or to assess their biological activity [12–14,18]. What all those studies have in
common is that GC is the technique used for the analysis of the samples. However, since
LC is the dominant technique in laboratories dealing with the phytochemical analysis of
medicinal plants and dietary supplements, it would be useful to have analytical alternatives
based on LC [10].

In the present study, we have explored the potential of CapLC as an alternative to GC
for the analysis of terpenic compounds in dietary supplements of botanical origin. Figure 4
summarizes the main conclusions of this study, expressed in terms of the advantages and
drawbacks of the proposed approach.
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Figure 4. Analytical features and applicability of the method developed for the analysis of terpenes in botanical dietary
supplements by CapLC; strengths in green; weaknesses in red.

First, from an analytical point of view, the proposed CapLC method allowed the
quantification of the target compounds, even at sub mg per g levels, with suitable precision.
The analytes were satisfactorily extracted from the samples by a simple UAE procedure.
The high sensitivity and selectivity reached made unnecessary any preconcentration of
purification steps; as a result, the whole analysis could be carried out in less than 30 min
per sample. The selectivity was suitable so that the method could be applied to a variety of
products that contained different botanical species as main ingredients. The requirement
of a CapLC system is a limitation, although these kinds of systems are increasingly used
in laboratories aimed at analyzing medicinal plants and dietary supplements. Moreover,
unlike previous methods proposed for the analysis of terpenes in vegetal stuff, which in
most instances involve MS detection, a simple UV detector is required.

As stated earlier, GC has been widely applied to the analysis of terpenes in plants
and products elaborated from plants. However, in many cases, the real concentrations of
the target compounds in the samples were not reported because the quantitative results
were given as percentages of peak areas [15,17,19,20]. Kupska, et al. developed the GC
x GC method with time-of-flight-MS detection to establish the terpenic profile of blue
honeysuckle berries [13]. The volatile terpenes were previously isolated and concentrated
by head-space solid-phase microextraction (HS-PSME). The concentrations measured in the
sample extracts were lower than those measured in the present study. The concentrations
of some terpenes, including linalool, in grapes, were measured by GC-MS in two studies.
The target analytes were first extracted into a buffer, and then preconcentrated and purified
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by solid-phase extraction [14] or by HS-SPME [16]. Although the analytical performance of
such methods was not reported, the concentrations of linalool measured were about the
same order as those found in the present study (Table 4). Concentrations < 1 µg mL−1 of
linalool were measured by He et al. in tea extracts by HS-SPME and GC-MS [18]. Compared
with the proposed approach, the above results indicate that the concentrations of terpenes
that can be measured by GC-MS are comparable or somewhat lower, although this can
be partially attributed to the preconcentration achieved with the SPE or SPME treatments.
The main advantages of the proposed CapLC method over GC-based assays are simplicity
and speed.

As regards the utility, the proposed CapLC approach has been successfully used to
establish the individual concentrations of representative terpenes in the methanolic extracts
obtained from the samples assayed. Thus, the method can be applied to investigate the
biological activity due to specific terpenes such as those included in the present study.
It can be also used to compare the biological activities of different products through the
calculation of the total amount of the selected terpenes. For example, from the results of
Table 4, it can be deduced that the potential effects on health due to the presence of the
selected terpenes in the products marketed as fat burnings are relatively low compared
with the effects that can be expected for the other two types of products tested. Similar
conclusions can be derived by comparing the contents of terpenes in products belonging
to the same category. For example, the content of terpenes in sample GCE-3 was clearly
superior to the amounts present in the other two products that contained green coffee
extracts as the main ingredient; consequently, higher biological activity due to terpenes can
be expected after the consumption of this product.

It must be remarked that none of the tested terpenes was found in sample GCE-2. The
main ingredient of this product was decaffeinated green coffee extract, which suggests
that the analytes were most probably lost during the industrial decaffeination process [28].
In contrast, sample HP contained four of the five terpenes included in the study, and a
high amount of limonene; this is consistent with the fact that the manipulation of the
ingredients involved in its production was clearly lower than that required to produce the
other dietary supplements. Therefore, the proposed CapLC approach could be applied
to evaluate the effect of the elaboration processes on the biological activity of the final
products. It could be also used to estimate the sensory characteristics and the freshness
of a product by determining the amounts of most volatile terpenes that remained in the
sample after a period of storage.

Although in the present study the only compounds tested were terpenes, it has to
be remarked that CapLC is a versatile technique that can be applied to the simultaneous
determination of both volatile and non-volatile plant constituents. Thus, compounds
with different physicochemical characteristics could be used as biomarkers to investigate
the authenticity and safety of a given product in a single chromatographic run [11]. The
technique could be also used to study possible synergistic effects on human health, which
in many instances are not yet fully understood [6].

To summarize, CapLC is a versatile and useful tool that can be used to estimate
the biological activity due to individual terpenes or a group of representative terpenes
in dietary supplements elaborated from plant materials. The proposed method can be
used as a reliable and versatile alternative to GC, and it can be easily implemented in
laboratories dealing with the analysis of medicinal plants and dietary supplements, more
familiarized with LC. The methodology used here offers advantages in terms of analytical
performance and applicability, as can be deduced from Figure 4. The only limitation is the
requirement of a CapLC system, although this may no longer be a problem considering
that miniaturized techniques are increasingly used in laboratories devoted to the analysis
of dietary supplements [23].
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4. Materials and Methods
4.1. Chemicals and Solutions

All reagents used throughout the study were of analytical grade. Limonene, α-pinene,
farnesene, myrcene, and linalool were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Hydrochloric acid (37%) was supplied by Scharlau (Barcelona, Spain). Methanol and
acetonitrile (both HPLC grade) were purchased from VWR Chemicals (Randnor, PA, USA).
Stock solutions of the analytes (1000 µg mL−1) were prepared by dissolving the appropriate
amounts of the commercial standards in methanol. Working solutions of the analytes and
their mixtures were prepared by diluting the stock solutions with water.

Ultrapure water was obtained from an Adrona system (Adrona, Riga, Latvia). Water
was filtered through 0.22 µm nylon membranes purchased from GVS (Sandford, ME, USA)
before use. All solutions were stored at 4 ◦C until use.

4.2. Chromatographic Conditions

The chromatographic system consisted of a capillary pump (Agilent 1100 Series,
Waldbronn, Germany) equipped with a Rheodyne model 7725 six-port injection valve
and a photodiode array detector (Agilent 1200 Series). An Agilent HPLC ChemStation
system was used for data acquisition and calculation. A 15-cm fused silica capillary with
an internal volume of 12 µL was used as an injection loop. Working solutions were loaded
into the loop by means of a 25 µL precision syringe.

A Zorbax SB C18 (150 mm × 0.5 mm id, 5 µm) column (Agilent) was used for the
separation of the target compounds. The mobile phase was a mixture of water-acetonitrile
in gradient elution mode. The percentage of acetonitrile was linearly increased from 15%
at zero min to 20% at 5 min, to 50% at 9 min, and to 75% at 11 min. Finally, the percentage
of acetonitrile was increased to 100% at 15 min and kept constant until the end of the run.
The mobile phase flow rate was 10 µL min−1. The analytical signal was recorded between
190 and 400 nm, and monitored at 200 nm unless otherwise stated.

The solvents were filtered through 0.22 µm nylon membranes (Teknokroma,
Barcelona, Spain).

4.3. Analysis of Dietary Supplements

Different types of dietary supplements acquired in supermarkets located in the area of
Valencia city (Spain) were analyzed: three green coffee extract-based products (GCE), two
fat-burning formulations, and an orange herbal preparation. Sample GCE-1, marketed in
the form of bags, contained unspecified amounts of Carum carvi, Spiraea ulmaria, Paullinia
cupana, Solidago virgaurea L., Foeniculum vulgare, Taraxacum dens leonis, and Coffea canephota;
the label declared the presence of limonene, although its concentration was not reported.
The mean average mass of product per bag was 1.1 g. Sample GCE-2 contained 175 mg
of decaffeinated green coffee extract (Coffea arabica L.) per capsule (0.40 g). Sample GCE-
3 contained 200 mg of green coffee extract, 50 mg of green tea extract, 50 mg of Citrus
aurantium, 10 mg of cayenne pepper, 12.5 mg of choline bitartrate, 12.5 mg of inositol,
0.7 mg of riboflavin, and 0.167 mg of chromium picolinate per capsule (mean average mass,
0.50 g). Sample FB-1 contained 125 mg of Citrus aurantium, 150 mg of Raphanus sativus L.,
and 125 mg of Solidago Virgaurea L. per capsule (0.50 g). Sample FB-2 contained 110 mg
of Citrus aurantium, 55 mg of green tea, and 40 mg of cola nut extract per capsule (0.25 g).
Finally, sample HP (1.40 g per bag) was a mixture of lime and leaves of orange trees
intended marketed as a powder; linalool, α-pinene, and limonene were declared to be
present, but their concentrations were not provided.

Accurately weighted portions of the samples (≈25 mg) were placed in 5 mL glass
vials and treated with methanol. The mixture was vortexed for 1 min and then placed in an
ultrasonic bath (300 W, 40 kHz, Sonitech, Guarnizo, Spain) for 5 min. Then the supernatants
were removed and filtered with 0.22 µm nylon membranes. Finally, 90 µL of the extracts
were placed in glass vials and mixed with 10 µL of a solution of 0.1% hydrochloric acid
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(v/v); if required, the extracts were previously diluted with water. Aliquots of the resulting
mixtures (12 µL) were chromatographed.

All the experiments were carried out at room temperature.

5. Conclusions

In this work, we have applied for the first time CapLC to the determination of terpenes
in dietary supplements elaborated with plant materials. The method offers high sensitivity
and precision, making possible the quantification of the target compounds at concentrations
ranging from 0.006 to 1.9 mg g−1. Compared with GC-MS methods reported previously,
the UAE-CapLC method is less sensitive but much simpler and quicker. The potential
utility of the proposed method has been demonstrated by comparing the individual and
total amounts of selected terpenes present in dietary supplements as a simple way to assess
their biological activities. Given the promising results obtained, future applications of this
technique in the analysis of dietary supplements and medicinal plants can be expected.
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Abstract: A simple and fast analytical method able to simultaneously identify and quantify 17 en-
dogenous and exogenous steroidal hormones was developed in bovine and equine blood using
UHPLC-MS/MS. A total amount of 500 µL of sample was deproteinized with 500 µL of a mixture of
methanol and zinc sulfate and evaporated. The mixture was reconstituted with 50 µL of a solution of
25% methanol and injected in the UHPLC-MS/MS triple quadrupole. The correlation coefficients
of the calibration curves of the analyzed compounds were in the range of 0.9932–0.9999, and the
limits of detection and quantification were in the range of 0.023–1.833 and 0.069–5.5 ppb, respectively.
The developed method showed a high sensitivity and qualitative aspects allowing the detection and
quantification of all steroids in equine and bovine blood. Moreover, the detection limit of testosterone
(50 ppt) is half of the threshold admitted in plasma (100 ppt). Once validated, the method was used
to quantify 17 steroid hormones in both bovine and equine blood samples. The primary endogenous
compounds detected were corticosterone (range 0.28–0.60 ppb) and cortisol (range 0.44–10.00 ppb),
followed by androstenedione, testosterone and 11-deoxycortisol.

Keywords: HPLC-MS/MS; steroidal hormones; anti-doping; bovine blood; equine blood

1. Introduction

This paper is a follow-up study of a method developed by Genangeli et al. for the
simultaneous determination of steroids in horse serum [1]. Endogenous and exogenous
steroids are abused in animal-related sports, and they have a major role in regulating a
wide number of endogenous signals in the organism [2,3]. Anabolic steroids are synthetic
compound derivatives from testosterone. The primary function of anabolic steroids can
be summarized into reproductive and sexual differentiation, homeostasis, growth, de-
velopment, and regulation of metabolism and nutrient supply [3–5]. Doping control in
horse racing and animal-related events poses different challenges, in comparison with other
sports where humans are involved, because both performance-enhancing and performance-
impairing substances (or methods) can be used to manipulate and change the outcome
of the competition while the controls are not standardized and rarely applied [6]. This
may be more predominant in an animal competition where the bets reach high values
leading to an abuse of illegal substances in order to ensure the winning [6]. Nowadays,
competitions or events involving animals like cattle or horses are increasing in popularity.
As previously reported from Genangeli et al. [1], only eleven compounds are present in
the list of prohibited substances with international thresholds in both urine or plasma [7].
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Apart from substances like theobromine, dimethyl sulfoxide or salicylic acid, testosterone
is still the only steroid regulated in plasma, and its threshold in plasma horses is 100 ppt
quantitated as free testosterone [7]. The performance improvement or health conditions
camouflage in horses, or other animals, are common techniques used before an animal
trading or during a race. These substances can cause severe harm to the animal. As re-
ported from Kavitha et al., the following are the adverse effects of anabolic steroids by topic:
cardiovascular, endocrine and metabolic, gastrointestinal, genitourinary, hematologic and
oncologic, neuromuscular and skeletal, neuropsychiatric, dermatologic and renal [1,8].
Qualitative evaluation of steroidal hormones and their metabolites and quantitation of
these molecules is crucial for the correct diagnosis and/or treatment of several diseases and
conditions, such as disorders of puberty, amenorrhea, polycystic ovary syndrome, infertility,
osteoporosis, adrenal insufficiency, hypogonadism, cognitive dysfunction, cardiovascular
diseases and hormone-related malignancies [9]. At the moment, current analytical proce-
dures regarding the matter are self-developed analysis, expensive, complicated or long
and time-consuming to be replicated in clinical laboratories. Additionally, these methods
are often based on immunohistochemical analysis, with reduced sensitivity and the high
possibility of false positive responses or wrong quantitation [10–13]. Genye et al. developed
a method to detect and analyze 13 steroids in human urine using a quadrupole-Orbitrap
LC-MS/MS [14]. Tajudheen et al. studied the separation of two anabolic substances us-
ing a reversed phase chiral chromatography approach [15]. Brian et al. published an
article regarding novel liquid chromatography-tandem mass spectrometry methods for
measuring steroids [16]. Youwen et al. focused on the separation of 16 testosterone and
nandrolone esters in equine plasma [17]. Colton et al. developed a method for fast screen-
ing of anabolic steroids in horse urine [18]. From literature, it appears that the majority
of methods for endogenous and exogenous steroid analysis is mainly focused on human
samples [19]. Additionally, these methods are developed using either high-performance liq-
uid chromatography-tandem mass spectrometry (HPLC-MS/MS) or gas chromatography
(GC-MS) where HPLC-MS/MS is the perfect technique due to its extreme specificity and
high sensitivity [20–25]. The majority of the procedures existing in literature are oriented
towards horses or horse racing; here, the importance of developing a general method able
to precisely quantify and qualify several endogenous and exogenous steroids in blood
from different animals, sensitive and reproducible, with a short analytical time that can
provide reliable results. Thus, our work aimed to set up a new UHPLC-tandem mass-
based method to detect and quantify seventeen hormones and metabolites in equine and
bovine blood. Detectable and quantifiable compounds included in the proposed method
are as follows: androsterone (AND), androstenedione (ANDD), dehydroepiandrosterone
(DHEA), testosterone (TEST), cortisol (COR), corticosterone (CoCo), aldosterone (ALDO),
11-deoxycortisol (11-DOC), 11-deoxycorticosterone (11-DCC), dihydrotestosterone (DHT),
nandrolone (NAN), boldenone (BOL), stanozolol (STA), dexamethasone sodium phosphate
(Desa NaP), dexamethasone isonicotinate, (Desa-Iso), methylprednisolone (MePre) and
pregnenolone (PRE). One deuterated hormone (testosterone-D3) was used as an internal
standard in order to make the analytical method more robust. All the compounds included
in this methodology are different from the molecules included in analytical procedures
reported in the literature but currently adopted for doping purposes [22,26]. The proposed
procedure is not time-consuming with clear and simple sample preparation. Additionally,
the method resulted in being sensitive, accurate and robust after a full validation. Hence, it
could bring faster and cheaper analysis easily applicable from any external laboratory. The
proposed procedure was fully validated and applied to the analysis of blood samples from
different kinds of animals (mares, stallions, geldings and cows).

2. Results and Discussion
2.1. Setup of the Chromatographic and Mass Analyzer Conditions

After testing different chromatographic conditions, the best results were obtained
with a solution of water and 0.1% of formic (mobile phase A) and acetonitrile and 0.1% of
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formic acid (mobile phase B). The use of other solvents as mobile phase B led to a worse
separation among peaks, and the presence of formic acid in the mobile phase enhanced the
ionization of the analytes in the ESI source, resulting in a greater sensitivity of the overall
method. Due to the different chemical structure of the analytes, several chromatographic-
gradient conditions were tested. The complete baseline separation of all peaks in the
shortest time was achieved by using the chromatographic condition listed in Table 1, and
described in the section ‘Liquid Chromatography-Tandem Mass Spectrometry’. A final
column conditioning was also found to be essential for reproducibility of the retention time
of the monitored compounds. A flow rate at 0.6 mL min−1 was the best option to achieve
a good chromatographic separation in a short period of time. Different flow rates led to
either a longer analytical time or an overlapping of peaks. As for the optimization of the
chromatographic conditions, the mobile phases were chosen according to their influence in
the ionization process occurring in the ESI source. The choice of acetonitrile and water with
formic acid led to a significantly higher signal and ionization for all the compounds but also
a good chromatography separation and resolution of peaks [27,28]. Additionally, papers in
literature confirm that the addition of formic acid in a positive mode increases the response
of target compounds [28,29]. In our case, we had an improvement of both ionization
and chromatographic separation/resolution of peaks. The precursor and daughter ions
obtained by injecting a standard solution of each compound are comparable with other
methods found in the literature [16,18,22,26,30].

Table 1. Ultra-high-performance liquid chromatography-tandem mass spectrometry acquisition parameters (multiple
reaction monitoring mode) used for the analysis of steroidal hormones and metabolites.

Compound Abbreviation Time Window
(Minute)

Precursor Ion a

(m/z)
Product Ion

(m/z)
Fragmentor

(V)
Collision

Energy (V)

Dwell Time
(Milli-

Second)

Dexamethasone
Sodium Phosphate Desa-NA-P 2.0–3.7 473.11 435.2

355.2 97 8 200

Cortisol CORT 2.0–3.7 363.01 121.1
327.2 136 24 200

Aldosterone ALDO 2.0–3.7 361.41 343.2
315.2 116 16 200

Pregnenolone PRE 2.0–3.7 361.41 343.2
105.0 87 4 200

Methylprednisolone ME-PRE 3.7–5.5 375.01 357.2
323.2 92 4 180

11-Deoxycortisol 11-DOC 3.7–5.5 347.51 109.10
97.2 141 32 180

Corticosterone COCO 3.7–5.5 347.01 329.2
329.2 111 12 180

Stanozolol STA 3.7–5.5 329.51 81.10
95.10 170 50 180

Boldenone BOL 3.7–5.5 287.41 121.00
135.00 107 24 180

Nandrolone NAN 3.7–5.5 275.10 109.10
82.90 100 28 180

Dexamethasone
isonicotinate DESA-ISO 5.5–6.8 498.61 47.20

124.0 121 8 200

11-
Deoxycorticosterone 11-DCC 5.5–6.8 331.01 97.10

109.1 117 20 200

Dihydrotestosterone DHT 6.8–9.0 273.10 255.30
147.0 159 15 200

Testosterone TESTO 5.5–6.8 289.01 97.10
109.1 131 20 100
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Table 1. Cont.

Compound Abbreviation Time Window
(Minute)

Precursor Ion a

(m/z)
Product Ion

(m/z)
Fragmentor

(V)
Collision

Energy (V)

Dwell Time
(Milli-

Second)

Androstenedione ANDD 5.5–6.8 287.01 97.10
109.1 131 24 200

Dehydroepiandrosterone DHEA 5.5–6.8 271.01 253.10
253.2 92 8 200

Androsterone ANDRO 6.8–9.0 291.41 273.20
255.2 78 4 200

Testosterone–d3 d3-TESTO 5.5–6.8 292.00 97.00 135 25 120
a For every compound, the first product ion was used for quantitation and the second for qualification.

2.2. Method Validation

The proposed method was fully validated in terms of its analytical characteristics such
as linearity, accuracy and precision, evaluation of the limit of detection (LOD) and limit
of quantification (LOQ). Additionally, recovery and matrix were also investigated. The
assessment of all these parameters is essential for the future application of the proposed
method. All the concentrations were developed starting from the LOQ of every compound
(Table 2).

Table 2. Values of the concentrations used for method validation for each analyte.

Compound
LOD LOQ C1 CM C2 CU U1

ppb

DESA-NA-P 0.333 1.00 10 50 100 500 1000
COR 0.183 0.55 11 55 110 550 1100

ALDO 0.183 0.55 11 55 110 550 1100
PRE 0.033 0.10 10 50 100 500 1000

ME-PRE 0.067 0.20 20 100 200 1000 2000
11-DOC 0.037 0.11 11 55 110 550 1100
COCO 0.167 0.50 10 50 100 500 1000

STA 0.033 0.10 10 50 100 500 1000
BOL 0.167 0.50 10 50 100 500 1000
NAN 0.333 1.00 10 50 100 500 1000

DESA-ISO 0.023 0.069 6.9 34.5 69 345 690
11-DCC 0.037 0.11 11 55 110 550 1100
TESTO 0.037 0.05 11 55 110 550 1100
ANDD 0.333 1.00 10 50 100 500 1000
DHEA 1.833 5.50 11 55 110 550 1100

ANDRO 0.733 2.20 22 110 220 1100 2200
DHT 1.833 5.50 11 55 110 550 1100

2.3. Evaluation of the Stability of Steroids in Glass and Plastic

Several endogenous and exogenous steroids were tested for stability in glass and
plastic. A standard concentration of 200 ppb of the compounds listed in Table 3 was
prepared, and an aliquot of the before mentioned mix was transferred into four plastic vials
and four glass vials and stored at −4 ◦C. The first vial was immediately analyzed and the
other four were analyzed over the following 3 days. As reported in Table 3, immediately
after one day, the concentration of the steroids stored in the glass test tube dropped with a
loss of >98%, suggesting an interaction of the analytes with the glass of the container.
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Table 3. Loss of compounds in plastic vs. glass containers.

DAY 1 DAY 2

Loss in Plastic (%) Loss in Glass (%) Loss in Plastic (%) Loss in Glass (%)

COR <1 99.63 <2% >99.90
ALDO <1 94.29 <2% >99.90

11-DOC <1 99.94 <2% >99.90
COCO <1 99.76 <2% >99.90

11-DCC <1 99.88 <2% >99.90
PRE <1 99.97 <2% >99.90

ANDRO <1 99.52 <2% >99.90
TESTO <1 99.85 <2% >99.90
ANDD <1 99.83 <2% >99.90
DHT <1 99.12 <2% >99.90

DHEA <1 99.65 <2% >99.90

2.4. Precision and Linearity

Precision is known to be the closeness of agreement between independent test results
obtained under stipulated conditions [1,31]. It is usually reported regarding standard
deviation (SD) or relative standard deviation (RSD) [1,31]. The precision (intra-day and
inter-day) was calculated from data obtained during a three-day validation (Table 4) of five
daily repetitions using four concentrations from the LOQ to the U1 (LOQ, CM, CU and
U1). The outcome is expressed according to the coefficient of variation (CV%). The CV
resulted to be included in the range of 0.48–18.78% (Table 4). The inter-day precision (n = 5)
expressed in relative standard deviation percent (RSD) was also satisfactory. The LOQ
displayed RSD in the range of 10.86–18.37%, the CM resulted in an RSD of 2.62–18.78%,
the CU showed an RSD of 3.52–18.40% and U1 had an RSD within 0.48–9.41% (Table 4). To
calculate the linearity of the proposed method, two calibration curves were created using
all the concentrations between LOQ and CU (low-range standard curve, 5 points, 5-day
validation) and all the concentrations between the LOQ and U1 (high-range standard curve,
6 points, 5-day validation). The high-range curve was used to test the linearity in a more
extense dynamic range. The linearity is expressed as the coefficient of linear regression
(R2), and it is higher than 0.99% (Table 4).

Table 4. Intra-day and inter-day precision expressed in CV% and linearity expressed in R2.

Compound
Limit of Quantification Medium Concentration CU U1 Linearity

Intra-Day
(CV%)

Inter-Day
(CV%)

Intra-Day
(CV%)

Inter-Day
(CV%)

Intra-Day
(CV%)

Inter-Day
(CV%)

Intra-Day
(CV%)

Inter-Day
(CV%) R2

DESA-NA-
P 10.86 14.16 6.74 7.58 2.62 4.12 1.02 1.48 0.99326

COR 16.47 18.49 9.50 10.35 6.49 8.24 3.56 4.49 0.99939
ALDO 14.45 17.52 6.95 8.40 6.79 7.63 6.07 6.85 0.99995

PRE 15.84 17.41 10.07 10.91 2.78 3.69 1.18 2.37 0.99922
ME-PRE 15.93 17.45 15.04 17.85 6.32 18.40 3.26 8.12 0.99912
11-DOC 17.10 17.87 6.63 7.72 6.93 7.53 5.48 6.73 0.99954
COCO 10.34 14.57 7.97 10.63 1.56 4.51 0.48 2.28 0.99991

STA 13.25 14.95 5.73 9.11 3.15 5.24 1.18 4.20 0.99941
BOL 15.83 17.89 11.85 16.66 3.71 18.05 2.03 6.97 0.99658
NAN 17.35 18.62 7.12 14.75 5.49 8.13 2.26 5.83 0.99861

DESA-ISO 17.43 18.37 9.77 18.99 7.88 9.65 4.49 6.41 0.99981
11-DCC 16.60 18.07 16.06 18.78 12.21 18.27 7.21 9.41 0.99953
TESTO 11.76 18.17 11.40 16.89 6.35 15.06 4.39 5.72 0.99841
ANDD 10.08 16.66 14.04 18.46 8.56 9.88 6.29 8.06 0.99987
DHEA 14.21 17.84 9.99 18.64 4.67 8.49 2.18 3.26 0.99970

ANDRO 16.81 17.77 5.34 8.23 4.30 4.80 2.93 3.21 0.99940
DHT 13.97 17.10 9.07 9.19 6.31 6.57 4.29 5.30 0.99997

The LODs and LOQs for all the compounds included in this analytical procedure dis-
played values in the range of 0.023–1.833 and 0.069–5.5 ppb, respectively. These values are
similar and sometimes lower when compared with a limit of detection and quantification

103



Pharmaceuticals 2021, 14, 393

reported in the literature [22,26,32]. Additionally, the steroids and metabolites included in
this procedure were chosen due to their frequency of usage and because they were partially
included in procedure already present in the literature. Moreover, LOQ for testosterone is
equal to 0.05 ppb, twice lower concerning 0.1 ppb (or 100 ppt), which is the threshold for
plasma samples of young horses (geldings) [7].

2.5. Accuracy

Accuracy is known to be the closeness of agreement between a test result and the
accepted reference value of the property being measured [1,33].

The intra and inter-day accuracy were calculated from the C1, C2 and U1 concen-
trations, from the data obtained during a three-day validation. The results are listed in
Table S1 and expressed in terms of ‘relative error percentage’ (RE%). The RE% for all the
analytes were within the range, 0.92–13.90% (Table S1). The inter-day (n = 5) accuracy
was also satisfactory. Precisely, at the C1 concentration, the RE% values were in the range
6.08–13.64%; at the C2 concentration, the RE% values were 1.23–7.12%, and at the U1
concentration, the RE% values were 1.10–4.19%.

2.6. Recovery

Recovery was studied by spiking clean equine and bovine blood with a mixture
standard of the 17 hormones. The recovery value was obtained using the following formula:
((Ase − Asblank)/Astd) × 100, where Ase is the area about the serum enriched with a low
concentration (C1 and CM) of all the compounds, Ablank is the area of analytes detected
in the serum and Astd is the area of a mixture standard of all the compounds dissolved in
methanol. The recoveries obtained by spiking the matrix at the CM concentration were in
the range of 86.75–98.32%, with a CV lower than 5.04% (Table S2). Moreover, the recoveries
at a concentration of C1 were in the range 85.60–99.39%, with a CV lower than 8.21%
(Table S2).

2.7. Matrix Effect

Matrix is often responsible for a reduced or an increased signal/ionization (ion sup-
pression/enhancement) in mass spectrometry [34]. These effects can strongly affect and
compromise the quality and reproducibility of biological samples when injected and stud-
ied with LC-ESI-MS. To test the matrix effect, we performed a test known as “post-column
infusion”. This test, according to the literature, is one of the best techniques used to obtain
qualitative information about matrix effects [35]. A methanol mixture of all the compounds
at the medium concentration (CM) was injected in the ESI source using a micropump.
Simultaneously, an injection of purified and deproteinized blood was performed. As
shown in Figure 1, the signal is constant for almost all the chromatographic time, with the
exception for a signal suppression at 9.5 min. All the compounds have a retention time
shorter than 9.5 min; hence, the matrix does not cause ion suppression or enhancement
effects in our method.

2.8. Specificity

In order to quantify the specificity of the proposed method, we controlled the retention
time of parent/daughter ions for all the analytes over time. For each compound, we
examined the chromatographic retention time regarding reproducibility, for a number of
five times over a five-day period (n = 25). The RSD regarding the retention time was stable
with an average percent value ≤ 0.97%. Specific parent/daughter ion transitions were
identified for each steroid, and the MRM transitions with the most abundant product ion
were selected for quantitation, and the other product ion was selected for qualification
(Table 1). High specificity was achieved.
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Figure 1. Post-column infusion of steroids serum-free and a mixture standard of all searched compounds in high-
performance liquid chromatography-grade methanol.

2.9. Application and Testing of the Developed Method to Equine and Bovine Blood

The method described in this paper was successfully applied to thirty-three samples
provided from four control agencies located in the south of Italy (Groups A, B, C, D). The
high sensitivity and the quantitative aspects of the proposed method allowed the detection
of most of the compound in the equine and bovine blood samples. The analysis was
performed in blind, and due to privacy, we do not know if samples were bovine or equine.
Due to the blind analysis and the thresholds changing between gender, species and age of
the animals, we could not compare our results with international guidelines [36].

A total of thirty-three animals were analyzed in triplicate; percent RSDs in all cases
were lower than 13.66%. Moreover, the mean values of the analytes found in the various
samples are reported in Table 5. Only androsterone and DHEA were not detected in
any samples. The main compounds found in the four groups of samples were cortisol
(range 0.44–10.00 ppb), followed by corticosterone, androstenedione and dexamethasone
isonicotinate. Overall, the level of exogenous steroids is below the thresholds from different
guidelines and papers in the literature (pregnenolone, stanozolol and nandrolone < 1 ppb,
boldenone < 15 ppb, testosterone < 20 ppb for geldings in plasma and <55 ppb for mares
and fillies not in foal [6,37,38]). None of the samples showed levels of exogenous substances
above 1 ppb, with the exception of ME-PRE in group C. Some animals showed traces of
some of the exogenous steroids. In particular, DESA-NA-P is present only in the group A.
PRE is present only in two samples belonging to group A. BOL was present only in three
samples and not in group C. NAN was present in three samples belonging to group A and
D. Our findings are the first step for a lager monitoring project on the presence of these
exogenous compounds in mammals and their healthy effects.

Table 5. Content of endogenous and exogenous steroids in equine and bovine blood samples, expressed in ppb.

Exogenous Steroids Endogenous Steroids

Animal
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E
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N
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O

11
-D

O
C

C
O

C
O

ppb
A 01 0.152 - 0.470 0.395 - 0.237 0.245 - 0.145 0.481 - - - 4.207 1.038 0.190 0.319
A 02 0.134 - 0.478 0.397 - - 0.243 - 0.142 0.482 - - - 0.668 1.095 - 0.330
A 03 - 0.444 0.558 0.392 - - 0.242 0.183 0.138 0.497 - - - 3.631 - 0.179 0.288
A 04 - - - 0.419 - - 0.247 - - 0.478 - - - 6.578 0.846 0.201 0.587
A 05 0.130 - - 0.393 - - 0.246 - - 0.484 - - - 2.363 - - -
A 06 0.100 - - 0.390 - - 0.242 0.178 - 0.461 - - - 3.247 - 0.180 -
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Table 5. Cont.

Exogenous Steroids Endogenous Steroids

Animal
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A 07 - - - - - - 0.241 0.187 - 0.497 - - - - - -
A 08 - - - - - - - 0.194 0.142 0.436 - - - 1.670 - - -
A 09 0.071 - - - - - - - - 0.479 - - - 0.444 - - 0.334
A 10 - - - 0.462 - - 0.250 0.202 0.146 0.500 - - - 0.465 - - 0.351
A 11 - - - - - - 0.241 - 0.137 0.532 - - - 2.082 - - 0.315
A 12 0.094 - - - - - 0.243 - - 0.571 - - - 0.435 - - 0.393
A 13 0.170 - - 0.393 - - 0.244 - - 0.561 - - - 1.956 - - 0.375
A 14 0.121 - - 0.387 - - 0.247 - - 0.443 - - - 3.935 - - 0.491
A 15 0.196 0,472 - - 0.064 0.291 0.258 0.229 - 0.515 - - - 3.486 - 0.197 0.383
B 01 - - 0.87 - 0.02 - - 0.39 - - - - 0.98 5.96 - 0.53 0.49
B 02 - - - - - - - 0.39 0.23 0.60 - - 1.87 1.29 0.70 - 0.40
B 03 - - - - - - 0.47 0.39 0.22 - - - 1.95 0.99 - - 0.44
B 04 - - 0.83 - - - - - 0.22 - - - 1.06 5.62 - - 0.41
B 05 - - 0.95 - - - 0.47 - 0.21 - - - 3.26 1.67 - - -
B 06 - - 0.86 - - - 0.47 - - - - - - 1.35 - - -
C 01 - - 1.33 - - - 0.39 - 0.31 0.62 - - - 10.00 0.79 0.48 0.60
C 02 - - 1.05 - - - 0.40 - - 0.64 - - - 3.61 - 0.45 0.54
C 03 - - 1.07 0.27 - - 0.40 - - - - - - 1.17 - - -
C 04 - - 1.08 - - - - - 0.31 - - - - 2.36 - - 0.54
C 05 - - 1.08 - - - 0.40 - - - - - - 0.88 - - 0.45
C 06 - - 1.02 - - - 0.40 - - 0.62 - - - 4.96 - 0.46 0.58
D 01 - - 0.876 - 0.024 0.531 - 0.397 - - - - 0.986 5.967 - 0.531 0.497
D 02 - - - - - - - 0.396 0.236 0.604 - - 1.872 1.296 0.702 - 0.401
D 03 - - - - - - 0.3 0.394 0.221 - - - 0.959 0.992 - - 0.448
D 04 - - 0.834 - - - - - 0.226 - - - 1.060 5.62 - - 0.418
D 05 - - 0.953 - - - - - 0.219 - - - - 1.671 - - -
D 06 - - 0.866 - - - 0.4 - 0.213 - - - - 1.356 - - -

3. Materials and Methods
3.1. Disposable Chemicals and Materials

All the detected compounds used in this paper, including the internal standard,
were ordered from Sigma-Aldrich (Milano, Italy) with a purity > 99%. An individual
stock solution of each compound was prepared by the dissolution of 0.5 mg of every
single molecule in 0.5 mL of HPLC-grade methanol (Carlo Erba, Milano, Italy). Other
solutions were obtained from the dilution of the stock solutions in methanol. HPLC-grade
acetonitrile was purchased from Carlo Erba (Milano, Italy). HPLC-grade formic acid (99%)
was obtained from Merck (Darmstadt, Germany). Deionized water (>18 MΩ cm resistivity)
was obtained by purification of water with a Milli-Q SP system (Millipore, Bedford, MA,
USA). Sterile test tubes were purchased from Becton–Dickinson (Franklin Lakes, NJ, USA).
The analytical procedures were carried out in polypropylene vials, test tubes and plastic
centrifuge tubes in order to preserve the concentration and stability of the hormones. The
glass has demonstrated that it could interfere with those molecules as reported in the
section “Evaluation of the stability of steroids in glass and plastic” (Results and Discussion,
Table 3).

3.2. Collection of Equine Blood

The equine and bovine blood used for the method optimization was collected from
healthy horses and cows from the Unicam veterinary hospital in Matelica (MC) and stored
in vials with EDTA or Lithium heparin. The blood was refined using activated charcoal to
obtain a standard hormone-free-matrix and stored at −4 ◦C. The tested blood was obtained
from several veterinary hospitals from the south of Italy, stored at −4 ◦C if analyzed within
two days or stored at −20 ◦C if analyzed after two days.
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3.3. Preparation of Steroids-Free Blood and Sample Preparation

The blood (50 mL) was kept under magnetic agitation overnight, with 1 g of charcoal
to create steroids-free blood used in the development and validation steps, as reported
by Genangeli et al. [1,39]. The solution was then let settle for 10 min, and the clear blood
without visual residues of charcoal was transferred into a clean 50 mL plastic test tube. To
obtain clean blood from the charcoal residues, this last step was repeated for additional
time or until the no residues of charcoal were present on the bottom of the test tube. The
hormone-free blood was stored at −20 ◦C.

A total of 500 µL of blood was denaturated using 500 µL of a denaturing solution made
of methanol (MeOH) and 5 g/L of zinc sulfate (ZnSO4) and internal standard (testosterone
d3, 1000 ppb) in Eppendorf tubes. The deproteinizing solution was prepared leaving
the methanol and zinc sulfate under magnetic agitation overnight and then filtering the
solution with a paper filter. The solution was then agitated with vortex for approximately
1 min to avoid the formation of blood clotting. The solution was centrifuged for 15 min at
13,000 rpm, and then the liquid was transferred into polypropylene test tubes. The obtained
solution was evaporated under nitrogen gas flow, then rebuilt using 50 µL of 25% methanol
and centrifuged again for 10 min at 13,000 rpm, and finally pipetted in high-recovery vials
and injected in the UHPLC-ESI-MS/MS system.

3.4. UHPLC-ESI-MS/MS

The UHPLC system used was an Agilent 1290 infinity series coupled with an Agi-
lent Technologies ESI-triple quadrupole 6420 (Santa Clara, CA, USA). The analytes were
separated using a Zorbax RRHD C18 as an analytical column (50 × 2.10 mm, the internal
diameter of 1.8 µm), also from Agilent Technologies (USA). The mobile phases adopted
for the analysis are water (A) and acetonitrile (B) both containing 0.1% formic acid. The
mobile phases were kept at a constant flow of 0.6 mL min−1 with a gradient elution of:
0 min 15% B, 2.5 min 25% B, 5 min 35% B, 7 min 50% B, 9 min 90% B and 11 min 15% B, and
kept at 15% B until the end of the run (15 min). Five µL of samples were injected with an
auto-sampler. The column was kept at 20 ◦C, and the drying gas in the ESI source 300 ◦C.
The gas flow was 12 L min−1, the pressure of the nebulizer was 40 psi, and the capillary
voltage was 4000 V (negative and positive). Detection was performed in the ‘multiple
reaction monitoring’ (MRM) mode dividing the runtime into four segments as reported
in Table 1. The most abundant daughter ion was used for quantification purposes, and
the rest of the daughter ions were used for qualification purposes. All the information
regarding the compounds, abbreviation and settings of the mass analyzer are reported in
Table 1.

3.5. Method Validation Settings

For the method evaluation and validation, seven concentrations of each analyte were
used, starting from the limit of detection (LOD), limit of quantification (LOQ), then a series
of low, medium and high concentrations (C1, CM, C2, CU). All the concentrations listed
before, except for LOD, were used in the low-range standard curve (5 points); and for the
high-range standard curve, one additional ‘upper’ concentrations (U1) was included (total
of 6 points). All the concentrations divided by the compounds are summarized in Table 2.

Several concentrations were tested in order to find the LOQ. Precisely, ten concen-
trations were tested, and the LOQ values are in a range from 5.5 ppb for the DHEA and
0.069 ppb for the DESA ISO (data not shown).

3.6. Internal Standards

One deuterated internal standard was introduced as a control to increase the robust-
ness of the method. The standard was added prior to the deproteinization step at the
concentration of 1000 ppb.
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4. Conclusions

A new UHPLC-MS/MS method was developed, permitting the detection of 17 en-
dogenous and exogenous anabolic substances in equine and bovine blood samples. Most
of the compounds in the current method are different from those reported in the literature,
especially the ones of exogenous origin, and largely adopted to modify the condition
of the considered animals. The high sensitivity of the method permitted the detection
of several exogenous steroids in real samples, and can be considered the premise of a
larger monitoring activity in order to obtain a robust statistical confirmation of our data,
and evaluate the healthy effects of these species in the founded concentration levels. In
addition, from the analytical point of view, the sample preparation is time-saving, fast and
intuitive. With the proposed analytical method, it is possible to simultaneously monitor,
quantify and qualify a large number of steroids presenting various steroid substructures in
a short time (15 min chromatographic run) from blood samples. Moreover, the validation
process demonstrated excellent performance regarding specificity, sensitivity (LOQ in the
range of 0.069–5.5 ppb) and linearity. For the first time, a stability study of steroids was
performed, revealing an interaction between our target analytes and the glassy wall of
the storage container, then, the use of plastic materials is necessary for this purpose. The
method was extended to detect most of the steroid esters in two animal species: horses
and cattle. The results demonstrated the ruggedness of the method with respect to the
biological variability of samples. The main steroids found in the four types of samples were
cortisol, followed by corticosterone, androstenedione and dexamethasone isonicotinate.
Androsterone and DHEA were not detected in any sample. In conclusion, the present
method allows identification and quantification of steroids and performance increasing
hormones, and it could be used when fraudulent use is suspected in racing animals, in an
equine trade or to control the healthy state of these animals, including cattle.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14050393/s1, Table S1: Intra-day and inter-day accuracy expressed in RE%, Table S2:
Percent recovery and reproducibility at two fortification levels.
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Abstract: Onion, one of the most consumed vegetables in the world, is also known to contain high
levels of antioxidant compounds, with protective effects against different degenerative pathologies.
Specifically, onion is rich in flavonols, mainly quercetin derivatives, which are compounds with high
antioxidant and free radical scavenging power. For this reason, it is of the utmost importance to
count on optimal analytical methods that allow for the determination and quantification of these
compounds of interest. A rapid ultra-high performance liquid chromatography (UHPLC)-photo-
diode array (PDA) method for the separation of the major flavonols in onions was developed using a
Box–Behnken design in conjunction with multiresponse optimization on the basis of the desirability
function. The conditions that provided a successful separation were 9.9% and 53.2% of phase B at
the beginning and at the end of the gradient, respectively; 55 ◦C column working temperature; and
0.6 mL min−1 flow rate. The complete separation was achieved in less than 2.7 min with excellent
chromatographic characteristics. The method was validated, and its high precision, low detection
and quantification limits, good linearity, and robustness were confirmed. The correct applicability
of the method improves the analysis of the raw material, increasing the quality of onions and its
subproducts in terms of bioactive compounds and functional characteristics for consumers.

Keywords: Allium cepa L.; Box–Behnken; flavonoids; quercetin glycosides; liquid chromatography;
multiresponse optimization; onion; phenolic compounds; UHPLC

1. Introduction

Onion (Allium cepa L.) is one of the most widely grown and consumed vegetables
in the world [1]. This vegetable has shown a constant increasing production trend by
more than 25% in the past few years [2]. Onion’s pungent and unique taste makes it an
ideal food condiment that is highly appreciated by consumers, favoring its trend increase.
However, this increasing production tendency is also supported by the current awareness
by consumers of its high content in non-nutrient bioactive compounds with preventive
properties against some degenerative pathologies [3,4]. Specifically, onion presents antimi-
crobial, antioxidant, anticarcinogenic, antimutagenic, antiasthmatic, immunomodulatory,
and cardiovascular properties [5,6]. The flavonols present in onions are some of the main
contributors to these health-promoting properties. Every single type of onion (white, yel-
low, or red) is rich in flavonols, mainly quercetin derivatives, being recognized as one of
the major dietary sources for quercetin [7]. Quercetin is a very interesting flavonol because
of its antioxidant and free radical scavenging power, which gives onions their ability to
protect against multiple diseases [8]. It should be highlighted that a recent research study
has identified the natural compound quercetin as an inhibitor of severe acute respiratory
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syndrome coronavirus (SARS-CoV-2 3CLpro), one of the essential proteases for the replica-
tion of the coronavirus known as COVID-19 [9]. Specifically, quercetin has shown plenty
of desirable characteristics and potential (inhibition constant Ki ~ 7 µM), allowing it to be
considered an attractive candidate for further optimization and development in this field.
With regards to onions, quercetin 3,4′-O-diglucoside and quercetin 4′-O-glucoside are the
primary glucosides found in onion bulbs [10] since they account for about 95–99% of their
total flavonol content [11]. The structures of these two particular flavonols and the rest of
the flavonols present in onions can be referred to in Figure S1. A detailed analysis of these
compounds is of great interest since it would allow for the evaluation of this vegetable’s
metabolomic profile. For this reason, it is of the utmost importance to count on optimal
analytical methods that allow for the determination and quantification of these compounds
of interest. Different techniques have been primarily employed for the determination of
flavonols in onions. The analytical platform of choice for this study was ultra-high perfor-
mance liquid chromatography (UHPLC) coupled to a photo-diode array (PDA). UHPLC
represents a further advance in chromatographic techniques with additional advantages
such as high-resolution separations using under 2 µm diameter solid-phase particles [12].
This implies high resolution and sensitivity in extremely short run times and, therefore,
a lower cost on solvents [13]. Thus, UHPLC stands at a leading position for the analysis
of phenolic compounds, and it has been widely used in numerous research studies on
the phenolic contents that can be found in numerous natural matrices [14]. Regarding the
detectors, as aforementioned, in this study, UHPLC system was coupled to a photo-diode
array (PDA). PDA is one of the most commonly used detectors because of the wide range
of molecules that can be analyzed, its relatively low price, and its availability in most
food analysis laboratories. Specially this work wants to highlight the importance of using
the PDA as an affordable detector for laboratories and food and quality industries. Most
articles found in the literature use UHPLC coupled to mass spectrometry [15,16]. Mass
spectrometry presents some substantial advantages, such as very high sensitivity and data
collection on molecular mass and structural characteristics, but it is not always available
to research groups or company laboratories in general because of its high costs. Further-
more, chromatographic methods that can be found in the literature require over 30 min to
complete the successful separation of all the peaks [10,17,18]. In this work, the aim was to
achieve the analysis of the main compounds of interest in minimum times, less than 5 min,
separations that are difficult to achieve with mass spectrometry. This time reduction is an
essential factor for any analysis procedure, and it is particularly interesting when intended
to be used at an industrial scale, where time is critical.

According to some of the previous works published by our own research group [19,20],
the use of UHPLC, without mass spectrometry and combined with a correct optimization
of the chromatographic characteristics (solvent flow, gradient, etc.), allows for a successful
analysis in a considerably shorter time. Analysis time and peak resolution are the two most
important aspects to be taken into consideration for the optimization of a chromatographic
method [14]. Both parameters depend mainly on gradient time and flow rate, and thus
their influence on a successful separation is generally evaluated. In this work, it is intended
to make use of the experiment designs combined with UHPLC for the study of flavonols
in onion. Response surface methodology (RSM) is an excellent tool for studying and
optimizing these variables. The use of RSM represents further advantages compared to
conventional optimization methods in which only one variable is studied at the same
time. Specifically, RSM allows for studying several variables and knowing both their
individual and combined effect on the response variable, without the need to carry out a
large number of experiments. This makes it a very useful tool without the need to involve
high manufacturing costs [21]. Among the different RSM options, the Box–Behnken design
(BBD) is often used for the statistics study, since a shorter number of runs is required when
compared to other methodologies. This design saves time and avoids running experiments
under extreme conditions, which might pose undesirable risks with regards to the reliability
of the results. On the other hand, when the optimization procedure involves more than one
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response, each one of them cannot be optimized separately, since a number of solutions
equal to the number of variables under study would be generated [20]. In such cases, a
multiresponse optimization (MRO) with desirability functions is usually employed, which
has been proven to be an effective statistical tool to solve multi-variable problems and to
optimize either single or multiple responses [22]. Specifically, it has been proved to be
useful for developing, improving, and optimizing processes, which was the objective of
this study.

Therefore, the present work intended to develop and validate a rapid and reliable
UHPLC-PDA methodology for the simultaneous separation of the flavonols present in
onions by means of a BBD in conjunction with MRO and desirability functions. This method
would allow laboratories, researchers, and companies to analyze the main flavonols found
in onions without having to use mass spectrometry, doing so in a short time. A successful
applicability of this methodology would improve analysis procedures and, therefore,
would also favor the final quality of onions and their subproducts.

2. Results and Discussion
2.1. UHPLC Acquisition of the Responses

A BBD design was employed to determine the effect of three factors (the three in-
dependent variables) on the UHPLC-PDA separation. The factors studied were flow rate
(X1), solvent composition (% phase B) at the beginning of the gradient program (X2), and
solvent composition (% phase B) at the end of the gradient program (X3). Specifically,
the conditions studied for each variable were flow rate (mL min−1): 0.4, 0.5, 0.6; %B at
the beginning (%): 0, 5, 10; and %B at the end of the gradient program (%): 50, 75, 100.
The onion extract was injected into the UHPLC system according to the BBD experiments
(Table 1). The 15 experiments were carried out independent and randomly, while the values
of the independent variables were the only variations between each other.

Table 1. Box–Behnken design matrix and experimental values obtained for resolutions and run time.

Run
Factors Responses

X1 X2 X3 Rs3–4 Rs4–5 Rs5–6 Rs6–7 Run Time (min)

1 0 0 0 1.50 3.62 3.34 1.74 2.761
2 1 0 1 1.22 3.68 2.72 1.31 2.326
3 0 0 0 1.77 4.53 4.10 2.02 2.775
4 0 −1 1 1.08 2.46 2.12 1.22 2.658
5 −1 0 −1 2.01 3.93 3.68 2.20 3.574
6 −1 0 1 1.00 2.83 2.79 1.27 2.659
7 0 1 1 1.18 3.53 3.08 1.47 2.210
8 0 0 0 1.36 3.62 2.89 1.41 2.759
9 0 1 −1 2.35 5.40 4.81 2.83 2.924
10 1 −1 0 1.25 3.60 3.49 1.75 2.892
11 0 −1 −1 1.80 3.88 4.01 2.35 3.699
12 −1 −1 0 1.13 3.38 3.05 1.61 3.242
13 −1 1 0 1.49 3.76 3.01 1.58 2.705
14 1 1 0 1.82 4.30 3.63 1.88 2.298
15 1 0 −1 2.02 4.33 4.91 2.92 3.199

With respect to the response variables (dependent variables), these were optimized
according to the peak resolutions (YRs), and the analyses run times (YRT). Resolution (RS)
is a numeric value that indicates how much a peak overlaps the adjacent peak from a
perpendicular line crossing the trough. Most studies set a minimum resolution target of
around 1.5 for a complete peak separation [23]. Resolution values of 1 imply a 4% overlap
between the two adjacent peaks, while values of 1.5 result in an overlap of only 0.3%. Any
value lower than 1 indicates a poor separation. In addition to the RS, analysis run time (RT)
was also considered as a variable response for the method optimization. This variable is
related to the retention time of the final peak in the UHPLC chromatogram. Therefore, the
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final objective of the experimental design was to achieve maximum resolutions that did not
imply exceedingly long analysis times. Among the seven major flavonols identified in the
onion, quercetin 3,7,4′-O-triglucoside (peak 1) and quercetin 7,4′-O-diglucoside (peak 2)
were discarded for the experimental design, since their peaks presented short retention
times and therefore did not influence the analysis run time while achieving excellent
separation in the 15 experiments that were carried out. Consequently, the resolutions of
each one of the five major peaks identified (peak 3, peak 4, peak 5, peak 6, and peak 7) were
considered for response variable optimization purposes. In particular, the four RS values
in this category were RS3–4, RS4–5, RS5–6, and RS6–7. The number corresponds to the elution
order of the compounds in the column. The resolutions and the analysis run time resulting
from each BBD experiment are shown in Table 1.

2.2. Optimization of the UHPLC Method

The MRO was used to determine the optimum chromatographic conditions for all the
responses at the same time. Specifically, the effect of the three chromatographic working
variables on the five responses were evaluated. Previous to this MRO, a RSM was employed
to generate a separate model for each response. Then, the desirability function was
constructed on the basis of the values obtained for each optimized response.

A total of five second-order mathematical models that represent the correlation be-
tween each independent variable and each response were generated. The resulting equa-
tions (Equations (1)–(5)) for the fitted models are as follows:

YRs3−4 = 1.56667 + 0.075X1+ 0.2125X2 − 0.4625X3 − 0.120833X1
2 + 0.05X1X2

+ 0.05X1X3 − 0.045833X2
2 − 0.125X2X3 + 0.104167X3

2 (1)

YRs4−5 = 3.9 + 0.25X1+ 0.45X2 − 0.625X3 − 0.1375X1
2 + 0.075X1X2 + 0.125X1X3

+ 0.0125X2
2 − 0.125X2X3 − 0.0875X3

2 (2)

YRs5−6 = 3.43333 + 0.275X1+ 0.2375X2 − 0.8375X3 − 0.0666667X1
2 + 0.025X1X2

− 0.325X1X3 − 0.0916667X2
2 + 0.05X2X3 + 0.158333 X3

2 (3)

YRs6−7 = 1.7 + 0.15X1+ 0.1125X2 − 0.6125X3 + 0.0X1
2 + 0.025X1X2 − 0.175X1X3

+ 0.025X2
2 − 0.05X2X3 + 0.225X3

2 (4)

YRT = 2.765 − 0.183125X1 − 0.29425X2 − 0.442875X3 + 0.043X1
2 − 0.01425X1X2

+ 0.0105X1X3 − 0.02375X2
2 + 0.08175X2X3 + 0.1315X3

2 (5)

The different polynomial equations can be used to know what the value of the response
variable will be if the value of the dependent variables is known. The greater the efficiency
of these equations, the higher the correlation coefficient (R2). The coefficients obtained
ranged from 82.68% for RS4–5 to 99.94% for run time, which indicate a statistically significant
agreement between the measured and the estimated responses.

An analysis of variance (ANOVA) was individually applied to evaluate the effect of
the different factors on each response and the possible interactions between them. The
factors and/or interactions that showed a p-value lower than 0.05 were considered to be
significant factors with an influence on the response at the established level of significance
(95%). With regards to the resolutions, all the responses showed p-values lower than 0.05 for
percentage of phase B at the beginning of the gradient, which indicates that this factor had
a significant effect on all the resolution responses. In particular, this factor had a negative
effect, which means that the peak resolutions increased with a low %B at the beginning
of the gradient. On the other hand, the percentage of phase B at the end of the gradient
presented a positive relevant effect on both RS3–4 and RS4–5, with a p-value < 0.05. With
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regard to the analysis run time, the three factors (flow rate, %B at the beginning, and %B at
the end) had p-values lower than 0.05. The optimization target for this response variable
was to minimize the analysis run time. In this sense, and on the basis of the ANOVA results,
we concluded that in order to minimize the analysis time, a greater flow rate, a greater
%B at the beginning of the gradient, and a greater %B at the end of the gradient, were
necessary. Therefore, a high %B at the end of the gradient and a high flow rate favored
the separation of the peaks and decreased the analysis time. On the other hand, the %B at
the beginning had the opposite effect on the resolutions and run times. Such an opposite
trend can be graphically observed in the three-dimensional (3D) surface plots that have
been generated from the fitted model. The combined effects of %B at the end-%B at the
beginning on the run time and RS1–2 are represented in Figure 1.
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Subsequently, the MRO was used for the simultaneous optimization of the six re-
sponses. All the responses were considered to be equally important chromatographic
characteristics for the separation and determination of the flavonols. The weight of each
response in the computational analysis was determined by the impact coefficient that
had been assigned to each response by the MRO. The run times obtained in the 15 BBD
experiments varied between 2.210 and 3.699 min. This run time range was considered
as acceptable for rapid separations, especially when compared to the analysis run times
of the UHPLC methods for onion flavonols published in the literature. Although some
methods require a time as relatively short as 15 min [24,25], most of them require at least
30 min to complete the correct separation of all the peaks [6,11], and some of them may
even need as much as 60 min [17,18]. However, the impact for this variable was set to
the highest relevance (5 impact), since one of the main objectives of this work was to
develop a time-and-cost-saving multiple analysis UHPLC methodology. With regards to
the resolutions, all the RS4–5 (ranging from 2.46 to 5.40) and RS5–6 (ranging from 2.12 to
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4.91) obtained from the 15 BBD experiments were higher than 1.5, which is the minimum
resolution required for a successful and complete separation. Therefore, the impact of
these variables was set as lower importance (3 impact). Finally, RS3–4 (ranging from 1.00 to
2.35) and RS6–7 (ranging from 1.22 to 2.92) with resolutions under 1.5 in some of the BBD
experiments were set at an intermediate relevance level (4 impact). Thus, the optimization
defined by MRO was to maximize the resolution and minimize the run time.

From the MRO design, it was possible to extract information about the optimum
values which show the maximum response for all the variables, that is, optimize the
desirability function. Therefore, according to the MRO, the optimal values for the studied
variables were as follows: 9.9% for %B at the beginning of the gradient, 53.2% for %B at the
end of the gradient, and 0.6 mL min−1 for the flow rate. With regards to the flow rate, no
higher flows were tested since they would imply really high pressure within the system.
Thus, the maximum flow rate was restricted by the system pressure limit at 15,000 psi. The
analysis time between the beginning of the gradient and the end of the gradient was 5 min.
With these settings, the response variables generated a desirability index of 86.48%. For
comparative purposes, Figure 2a,b shows the chromatograms obtained under a series of
other conditions according to the BBD experiments.
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Figure 2. Different chromatograms obtained under different conditions: (a) chromatogram obtained from the 2◦ Box–
Behnken design (BBD) experiment (analysis time longer than the established optimal conditions); (b) chromatogram
obtained from the 11◦ BBD experiment (overlapping peaks); (c) chromatogram obtained at the lowest temperature, 35 ◦C
(analysis times longer than the established optimal conditions); (d) chromatogram obtained at the highest temperature,
65 ◦C (poorer resolution than under the established optimal conditions).

Once the MRO had been performed, the desirability was plotted as a 3D contour plot
that illustrates the result of the optimization of all the variables. The combined effects of
%B at the beginning–%B at the end, %B at the start-flow rate, and %B at the end-flow rate
are represented in Figure 3.

Once MRO had been applied, the effect that the column temperature had on the
separation of the flavonols was also evaluated. For this purpose, and on the basis of the
principles of column temperature changes, we gradually increased the temperature from
35 to 65 ◦C in 5 ◦C intervals in order to evaluate the effect of different column temperatures.
Higher temperatures beyond the above-mentioned range were not tested, since according

116



Pharmaceuticals 2021, 14, 310

to Waters Corporation’s recommendation, it may result in a shorter column lifetime. To
compare the effect of the temperature on the separation of the five major compounds
identified in the onion matrices, we evaluated peak resolution and analysis time. As
the temperature was increased, the analysis time decreased. Higher temperatures had a
positive effect, since they reduced the viscosity of the mobile phase, which in turn decreased
column pressure and the compounds eluted at a greater speed (temperature (◦C), tR (min):
35, 3.01; 40, 2.92; 45, 2.83; 50, 2.71; 55, 2.65; 60, 2.54; 65, 2.46). These results confirmed
that the method was more efficient at the highest temperatures within the studied range
(55, 60, and 65 ◦C). Among these temperatures, 55 ◦C seemed to provide the best results in
the separation of the seven major compounds identified in the red onion samples, since
it resulted in narrow and very well resolved peaks in a very short run analysis time. At
60 and 65 ◦C, most of the peak chromatogram resolutions decreased (temperature (◦C),
resolution (RS4–5): 55, 5.29; 60, 4; 65, 4.19); (temperature (◦C), resolution (RS5–6): 55, 5.36;
60, 4.28; 65, 4.83) due to the shortening of the total run analysis time. The chromatograms
obtained at the lowest (35 ◦C) and highest (65 ◦C) temperatures within the range are shown
in Figure 2c,d, respectively, to clearly observe the results previously described.
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2.3. Characteristics of the Developed Method

Finally, the optimum gradient of the UHPLC-PDA method developed in this study was
as follows: 0.0 min, 9.9% B; 5.0 min, 53.2% B; 5.10 min, 100% B; 7.0 min, 100% B; 7.5 min, 9.9%
B; 10 min, 9.9% B. The column temperature was maintained at 55 ◦C and the flow rate was
0.6 mL min−1. The total analysis time (sample-to-sample) was 10.0 min, including the return
to the initial conditions and the re-equilibration of the column, while the separation of the
seven major compounds was completed in less than 2.7 min. A representative chromatogram
employing PDA (λ = 360 nm) is presented in Figure 4.

It can be seen from the results that the compounds were correctly separated, with
narrow peaks in a very short time. Thus, the selected conditions provided the best balance
between reduced analysis time and successful separation of the seven peaks. Although
there were articles in the bibliography that identified a greater number of compounds
in onion, this work focused on the analysis of the seven onion flavonol majority. Only
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quercetin 3,4′-O-diglucoside and quercetin 4′-O-glucoside represented around 95–99% of
the total flavonol content. This work aimed to provide an analytical utility for industries,
wherein analyzing in less than 3 min the almost total percentage of flavonols is of greater
interest than the analysis of minorities (<10%).
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Figure 4. Red onion chromatogram at 360 nm. (1) Quercetin 3,7,4′-O-triglucoside; (2) quercetin
7,4′-O-diglucoside; (3) quercetin 3,4′-O-diglucoside; (4) isorhamnetin 3,4′-O-diglucoside; (5) quercetin
3-O-glucoside; (6) quercetin 4′-O-glucoside; (7) isorhamnetin 4′-O-glucoside.

The chromatographic properties evaluated were retention time (tR), selectivity (α),
retention factor (k), and resolution (Rs). The chromatographic properties obtained with the
developed method are shown in Table 2.

Table 2. Chromatographic properties of the developed ultra-high performance liquid chromatography (UHPLC) method
for flavonols in onions.

Peak Compounds tR
(min)

Width
(Wb) t’R

Retention
Factor (k)

Selectivity
(α)

Resolution
(Rs)

1 Quercetin 7,3,4′-O-triglucoside 0.945 2.85 0.448 1.36 - -
2 Quercetin 7,4′-O-diglucoside 1.478 3.45 1.084 2.69 1.98 7.69
3 Quercetin 3,4′-O-diglucoside 1.688 4.10 1.174 3.22 1.19 2.15
4 Isorhamnetin 3,4′-O-diglucoside 1.835 2.40 1.315 3.59 1.11 1.93
5 Quercetin 3′-O-glucoside 2.119 2.55 1.599 4.30 1.20 4.56
6 Quercetin 4′-O-glucoside 2.478 5.65 1.951 5.19 1.21 3.68
7 Isorhamnetin 4′-O-glucoside 2.693 3.35 2.157 5.73 1.10 2.23

On the basis of the results obtained, we were able to conclude that the developed
UHPLC method provides a successful separation of the chromatographic peaks with excellent
resolutions, retention factors, and selectivities. Regarding the resolutions, all the values
obtained were higher than 1.5, which implies an overlap of the peaks lower than 0.3%. With
regards to the retention factor (k), 1 < k < 10 is usually the target range [26]. The retention
factor is a measure of the time that a compound remains in the stationary phase relative
to the time that it remains in the mobile phase. Therefore, values greater than 10 do not
imply a significant resolution increment but lead to excessively long retention times. Values
significantly lower than 1 indicate that the analyte leaves the column when close to the dead
time. In the case of this work, all the retention factor values were within the target range.
Finally, in relation to selectivity, α > 1 is usually the target range. A high α value indicates a
clear separation between the peaks. In the case of this work, all the selectivity values were
greater than 1.
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2.4. Validation of the Developed Method

The developed method was validated in accordance with ICH Guideline Q2 (R1) [27].
Linearity, precision, limit of detection, and quantification as well as robustness were
evaluated. The validation results are reported in Tables 3 and 4.

Table 3. Validation of the developed UHPLC method.

Peak Compounds Linear
Equation R2 LOD

(mg L−1)
LOQ

(mg L−1)

CV 1 for
Repeatability (%)

CV 1 for Intermediate
Precision (%)

tR Rs tR Rs

1 Quercetin
7,3,4′-O-triglucoside

y = 5069.90x +
8282.83 0.9997 0.0437 0.1454 2.33 - 2.80 -

2 Quercetin 7,4′-O-diglucoside y = 6382.50x +
8282.83 0.9997 0.0347 0.1155 1.20 1.88 1.93 4.13

3 Quercetin 3,4′-O-diglucoside y = 6382.52x +
8282.83 0.9997 0.0347 0.1155 1.17 3.89 1.91 4.59

4 Isorhamnetin
3,4′-O-diglucoside

y = 6247.89x +
8282.83 0.9997 0.0354 0.1181 0.95 2.52 1.76 2.72

5 Quercetin 3′-O-glucoside y = 8610.35x +
8282.83 0.9997 0.0257 0.0857 0.96 4.88 1.70 4.90

6 Quercetin 4′-O-glucoside y = 8610.35x +
8282.83 0.9997 0.0257 0.0857 0.88 1.53 3.17 3.65

7 Isorhamnetin 4′-O-glucoside y = 8358.38x +
8282.83 0.9997 0.0265 0.0883 0.78 4.14 1.39 4.03

1 CV: coefficient of variation.

Table 4. Robustness of the UHPLC method developed.

Column Temperatures (◦C) Flow Rates (mL min−1) Injection Volumes (µL)

52 55 58 0.57 0.60 0.63 2.8 3.0 3.2

Retention
time (min)

Quercetin 7,3,4′-O-
triglucoside 1.026 a 0.945 b 0.882 c 1.026 a 0.945 b 0.912 c 0.955 a 0.945 a 0.929 a

Quercetin
7,4′-O-diglucoside 1.501 a 1.477 a 1.497 a 1.590 a 1.477 b 1.540 b 1.530 a 1.477 a 1.559 a

Quercetin
3,4′-O-diglucoside 1.797 a 1.687 b 1.679 b 1.748 a 1.687 b 1.627 c 1.694 a 1.687 a 1.674 a

Isorhamnetin
3,4′-O-diglucoside 1.936 a 1.835 b 1.804 b 1.887 a 1.835 b 1.775 c 1.839 a 1.835 a 1.823 a

Quercetin
3′-O-glucoside 2.231 a 2.119 b 2.002 c 2.161 a 2.119 b 2.056 c 2.126 a 2.119 a 2.111 a

Quercetin
4′-O-glucoside 2.591 a 2.478 b 2.357 c 2.512 a 2.478 a 2.417 b 2.484 a 2.478 a,b 2.471 b

Isorhamnetin
4′-O-glucoside 2.797 a 2.693 a 2.574 b 2.721 a 2.692 b 2.633 c 2.697 a 2.693 a,b 2.683 b

Peak area

Quercetin 7,3,4′-O-
triglucoside 1584 a 1749 a 1992 a 1815 a 1749 a 1846 a 1493 a 1749 a 2270 b

Quercetin
7,4′-O-diglucoside 4073 a 4459 a 5070 a 5733 a 4459 a 5004 a 3246 b 4459 a,b 5251 b

Quercetin
3,4′-O-diglucoside 104,048 a 112,705 a 123,675 a 123,884 a 112,705 a 122,463 a 88,187 a 112,705 a 140,119 b

Isorhamnetin
3,4′-O-diglucoside 5073 a 5245 a 5931 a 5892 a 5245 a 5800 a 4233 a 5245 a 6905 b

Quercetin
3′-O-glucoside 5045 a 4899 a 5396 a 5330 a 4899 a 5448 a 4015 a 4899 a,b 5811 b

Quercetin
4′-O-glucoside 151,175 a 162,031 a 178,379 a 175,285 a 159,754 a 173,719 a 130,086 a 165,384 a 198,383 b

Isorhamnetin
4′-O-glucoside 18,933 a 20,539 a 22,383 a 22,187 a 20,539 a 21,882 a 16,308 a 20,539 a 25,220 b
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Table 4. Cont.

Column Temperatures (◦C) Flow Rates (mL min−1) Injection Volumes (µL)

Peak
resolution

Quercetin 7,3,4′-O-
triglucoside - - - - - - - - -

Quercetin
7,4′-O-diglucoside 6.22 a 7.69 a 6.94 a 6.95 a 7.69 a 7.68 a 7.62 a 7.69 a 8.15 a

Quercetin
3,4′-O-diglucoside 2.89 a 2.15 a,b 1.6 b 1.62 a 2.15 a 0.810 b 1.80 a 2.15 b 1.20 a

Isorhamnetin
3,4′-O-diglucoside 1.92 a 1.93 a 1.59 a 2.09 a 1.93 a 1.95 a 2.10 a 1.93 a 1.94 a

Quercetin
3′-O-glucoside 4.54 a 4.56 a 2.9 b 4.60 a 4.72 a 4.56 a 4.48 a 4.56 a 4.44 a

Quercetin
4′-O-glucoside 3.30 a 3.68 a 3.47 a 3.70 a 3.67 a 3.68 a 3.43 a 3.68 a 3.82 a

Isorhamnetin
4′-O-glucoside 1.87 a 2.23 b 2.11 a,b 2.14 a 2.23 a 2.15 a 2.10 a 2.23 a 2.16 a

Same letter in the same row means that there were no significant differences as per the t-test (p < 0.05).

The linearity of the method was confirmed by the regression coefficient for quercetin
3-O-glucoside (r = 0.9997), which was obtained from the calibration curve of the commer-
cially available standard constructed using six points (0.1–200 mg L−1) in triplicate. The
calibration curves for the rest of the compounds were estimated on the basis of the curve
for quercetin 3-O-glucoside and each compound’s molecular mass ratio and assuming that
the seven flavonols have similar absorbance because of their similar chemical structures.
This is a usual quantification procedure when the standard for any of the compounds of
interest is not commercially available [14]. The R2 showed values close to 1, which indicates
that all the compounds identified in the onion matrices presented a good linearity within
the target range (Table 3).

The repeatability and intermediate precision of the developed methodology were
determined according to both retention time and chromatographic resolution. With respect
to retention time, its repeatability and intermediate precision showed coefficients of vari-
ance (CV) lower than 3% for all the peaks. With regards to resolution, its repeatability and
intermediate precision resulted in coefficients of variance (CV) lower than 5% for all the
peaks (Table 3). It can be confirmed that in all the cases the CVs were within the acceptable
limits (±10%) according to Association of Official Agricultural Chemists (AOAC) [28], and
therefore support the accuracy of the developed UHPLC methodology.

The limit of detection (LOD) and limit of quantification (LOQ) for quercetin 3-O-glucoside
were estimated as 3 and 10 times the signal-to-noise ratio, respectively. The LODs and LOQs
of the rest of the compounds were calculated according to the corresponding values for
quercetin 3-O-glucoside as well as each compound’s molecular mass ratio. The LODs ranged
from 0.0257 to 0.0437 mg L−1 and the LOQs ranged from 0.0857 to 0.1454 mg L−1 (Table 3).

Finally, the robustness of the method (Table 4) was evaluated by testing specific
variations in flow rates, injection volumes, and column temperatures. Each parameter
was tested at three different levels, and for each level, four repetitions were carried out.
The effect of these variations on the retention times, the chromatographic resolution of the
peaks, and the area of the chromatographic peaks were verified. The robustness results
are reported in Table 4, where different letters (a, b, and c) in the same row indicate that
significant differences were detected according to the t-test assuming equivalent variances
(p-value < 0.05). No significant differences (p-values > 0.05) were found between the
peak resolutions and areas resulting from the controlled variations, which allowed us to
conclude that the controlled variations in temperature, flow rate, or injection volume did
not give place to any relevant influences on peak resolution or area. The methodology was
also proven to be robust (p > 0.05) with regards to retention time when the injection volume
was varied. However, some of the compounds’ retention times presented statistically
relevant differences when the flow rate or the temperature were modified. This was to be
expected, since retention time depends not only on the polarity of the specific molecule,
but also on factors such as flow rate and temperature. For example, at a higher flow
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rate, the component molecules had less time to interact with the stationary phase as they
were quickly pushed through the column. It is, therefore, necessary to keep an adequate
control of the flow rate and the temperature by a proper balancing and conditioning of the
equipment to provide an accurate resolution and a clear separation of the flavonols’ peaks.

2.5. Application of the Developed Method to Different Onion Varieties

Once the UHPLC-PDA method for the analysis of flavonols in red onion had been
optimized, an additional study was carried out to determine the flavonol content in
different types of onions. This should demonstrate the applicability of the method to the
analysis of different onions with different chemical compositions. Specifically, 13 onion
varieties were studied: 6 white onions, 3 yellow onions, and 4 red onions. The results of
the analyses are shown in Table 5 and the chromatograms obtained for a yellow, a red, and
a white variety are also shown in Figure 5.

Table 5. Quantification of flavonols in white, yellow, and red onion varieties.

Flavonol Composition (mg/10 g DW) 1

Quercetin
7,3,4′-O-

triglucoside

Quercetin
7,4′-O-

diglucoside

Quercetin
3,4′-O-

diglucoside

Isorhamnetin
3,4′-O-

diglucoside

Quercetin
3′-O-

glucoside

Quercetin
4′-O-

glucoside

Isorhamnetin
4′-O-

glucoside
Total

Spring white onion 1 0.09 ± 0.00 0.62 ± 0.00 14.31 ± 0.19 0.56 ± 0.00 0.56 ± 0.00 11.74 ± 0.14 1.11 ± 0.02 28.98
Sweet white onion 2 0.08 ± 0.01 0.12 ± 0.00 5.61 ± 0.06 0.23 ± 0.00 0.43 ± 0.02 2.50 ± 0.07 0.20 ± 0.00 9.17
Spring white onion 3 0.15 ± 0.00 0.51 ± 0.00 9.17 ± 0.06 0.48 ± 0.01 0.47 ± 0.00 7.36 ± 0.04 0.73 ± 0.01 18.88
Sweet white onion 4 0.11 ± 0.00 0.11 ± 0.03 5.58 ± 0.22 0.25 ± 0.00 3.77 ± 0.00 1.03 ± 0.10 0.40 ± 0.02 11.23
Sweet white onion 5 0.06 ± 0.03 0.12 ± 0.02 8.41 ± 0.15 0.12 ± 0.01 0.45 ± 0.00 9.42 ± 0.09 0.84 ± 0.00 19.42
Sweet white onion 6 0.07 ± 0.00 0.10 ± 0.01 7.28 ± 0.07 0.21 ± 0.00 0.12 ± 0.00 6.61 ± 0.05 0.98 ± 0.00 15.36

Yellow onion 1 0.21 ± 0.02 0.53 ± 0.03 12.32 ± 0.02 0.46 ± 0.02 0.52 ± 0.00 15.47 ± 0.00 0.65 ± 0.01 30.17
Yellow onion 2 0.29 ± 0.01 0.10 ± 0.02 7.13 ± 0.13 0.52 ± 0.03 0.40 ± 0.12 5.18 ± 0.01 0.91 ± 0.02 14.53
Yellow onion 3 0.18 ± 0.00 0.22 ± 0.01 8.13 ± 0.02 0.32 ± 0.00 5.00 ± 0.01 1.37 ± 0.05 0.13 ± 0.00 15.35

Red onion 1 0.36 ± 0.02 0.88 ± 0.06 25.58 ± 0.16 0.72 ± 0.01 0.57 ± 0.02 18.42 ± 0.15 1.47 ± 0.00 48.00
Red onion 2 0.34 ± 0.03 0.69 ± 0.04 16.36 ± 0.04 0.83 ± 0.01 0.57 ± 0.00 18.69 ± 0.03 2.44 ± 0.00 39.92
Red onion 3 0.28 ± 0.00 0.56 ± 0.00 17.60 ± 0.05 0.52 ± 0.03 0.92 ± 0.01 21.94 ± 1.03 1.03 ± 0.01 42.86
Red onion 4 0.29 ± 0.02 0.86 ± 0.02 24.97 ± 0.32 0.83 ± 0.02 0.56 ± 0.00 16.73 ± 0.91 1.99 ± 0.06 46.23

1 Flavonoid composition expressed as mean of three replicates ± standard deviation (mg/10 g dry weight (DW) ± SD).
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(5) quercetin 3-O-glucoside; (6) quercetin 4′-O-glucoside; (7) isorhamnetin 4′-O-glucoside.

According to these results, we can conclude that the proposed UHPLC method was
adequate for the analysis of different onion varieties, since it presented good chromato-
graphic characteristics and short run times. This is of great interest, among other things,
because it allows for the characterization of onion varieties according to their flavonol
profile in a short time and with a high precision level. In fact, according to the resulting
quantifications of flavonoids, it could be concluded that the major flavonols in red, yel-
low, and white varieties were quercetin 3,4′-O-diglucoside and quercetin 4′-O-glucoside,
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representing about 90% of their overall flavonol content. Furthermore, according to these
results, the content of total flavonoids is considerably higher in red onions. Specifically,
the red varieties presented nearly double flavonoid contents when compared to yellow or
white onions. These results are in agreement with those already reported by other authors,
who recommend the consumption of red varieties because of their greater flavonoid con-
tents and health benefits [29]. On the other hand, flavonoid contents in white and yellow
varieties were found to be very similar, and minor differences were mostly due to either
specific variety (sweet, spring, etc.) or geographical origin.

3. Materials and Methods
3.1. Chemicals and Reagents

The solvent used for onion extraction was a mix of methanol and water. The methanol
(Fischer Scientifics, Loughborough, United Kingdom) was HPLC-grade. The ultra-pure
water was obtained from a Milli-Q water purification system (EMD Millipore Corporation,
Bedford, MA, USA). For UHPLC analyses, acetonitrile (Panreac, Barcelona, Spain), water,
and acetic and formic acid (Merck KGaA, Darmstadt, Germany) were used. The solvents
were degassed and filtered through a 0.22 µm membrane (Nylon Membrane Filter, FILTER-
LAB, Barcelona, Spain) before being used. The standard for the quantification of flavonols
was quercetin 3-O-glucoside supplied by Sigma-Aldrich (Steinheim, Germany).

3.2. Plant Material

The plant material employed for the development of the method consisted of samples
from red onion purchased from a local market in the province of Cadiz (Spain). The onions
were subjected to a pretreatment in order to improve sample-solvent contact surface [30].
First, the onion bulbs were washed, cleaned, peeled, and cut using a knife. Then, the
chopped bulbs were lyophilized in a freeze dryer LYOALFA (Azbil Telstar Technologies,
Terrassa, Barcelona, Spain) and crushed in a knife mill GRINDOMIX (Retsch GM200, Haan,
Germany). Furthermore, other different onion varieties, purchased from local markets in
the province of Cadiz (Spain) and subjected to the same pretreatment, were also analyzed.
Specifically, 6 white onion (spring and sweet), 3 yellow onion, and 4 red onion varieties
were studied. Information about the characteristics of the different onions (origin, producer,
caliber, etc.) are included in the Supplementary Materials (Table S1). Finally, all the samples
were stored in a freezer at −20 ◦C.

3.3. Extraction Procedure

To extract the flavonols from the onions, we used ultrasound-assisted extraction.
Specifically, a Sonopuls HD 2070.2 probe (BANDELIN electronic GmbH and Co KG,
Heinrichstrabe, Berlin, Germany) was employed, coupled to a processor for amplitude
(80% of the maximum amplitude) and cycle (0.5 s) adjustments. For temperature control
(20 ◦C), a thermostatic bath (Frigiterm-10, Selecta, Barcelona, Spain) was employed. About
0.2 g of the lyophilized and homogenized onion was weighed into a Falcon tube, and 20 mL
of 50:50 MeOH/H2O mixture was added. The Falcon tube was placed in a double vessel
through which the water from the thermostatic bath circulated. The extraction time was
set at 10 min. After this time, the extracts were centrifuged at 7500 rpm (9.5 cm orbital
radius, 5 min) and the supernatants were placed into a volumetric flask of 25 mL. The
precipitates from the extraction were redissolved in 5 mL of the same extraction solvent
and centrifuged again under the same conditions. The new supernatants were placed into
volumetric flasks and topped up with the same solvent. The final extracts were stored
at −20 ◦C for their correct conservation until further analysis. The ultrasound-assisted
extraction (UAE) conditions that were set for the extractions were based on previous results
obtained by our research group for phenolic compounds [31,32].

122



Pharmaceuticals 2021, 14, 310

3.4. Identification of Flavonols by Liquid Chromatography Coupled to Mass Spectrometry

Because not all the standards were available for the group, we carried out a previous
identification using liquid chromatography coupled to mass spectrometry. Specifically,
the major flavonols present in Allium cepa L. were identified by ultra-high performance
liquid chromatography (UHPLC) coupled to a photodiode array (PDA) detector (Waters
Corporation, Milford, MA, USA) and a quadrupole-time-of-flight mass spectrometer (Q-
ToF-MS) (Xevo G2 QToF, Waters Corp., Milford, MA, USA).

The column was a reverse-phase C18 analytical column with 1.7 µm particle size,
2.1 × 100 mm (ACQUITY UPLC CSH C18, Waters). The mobile phase A, 2% formic acid–
water solution, and the mobile phase B, 2% formic acid–methanol solution, were used at a
flow rate of 0.4 mL min−1. The gradient employed was the following (time, % solvent B):
0.00 min, 15%; 3.30 min, 20%; 3.86 min, 30%; 5.05 min, 40%; 5.35 min, 55%; 5.64 min, 60%;
5.95 min, 95%; and 7.50 min, 95%. The total run time was 12 min: 8 min for the analysis
and 4 additional minutes for re-equilibration. The mass spectra were acquired in negative
ion mode under the following conditions: desolvation gas flow = 700 L h−1, desolvation
temperature = 500 ◦C, cone gas flow = 10 L h−1, source temperature = 150 ◦C, capillary
voltage = 700 V, cone voltage = 30 V, and collision energy = 20 eV. The ions were scanned
from m/z 100 to m/z 1200.

Prior to their identification, all the UAE extracts were filtered through a 0.20 µm nylon
syringe filter (Membrane Solutions, Dallas, TX, USA), and 3 µL was the volume injected.
The compounds were individually identified on the basis of their retention time and molec-
ular weight. The following 7 major flavonols were identified: compound 1, quercetin 3,7,4′-
O-triglucoside (m/z = 787.1421); compound 2, quercetin 7,4′-O-diglucoside (m/z = 625.1396);
compound 3, quercetin 3,4′-O-diglucoside (m/z = 625.1398); compound 4, isorhamnetin
3,4′-O-diglucoside (m/z = 639.1559); compound 5, quercetin 3-O-glucoside (m/z = 463.0886),
compound 6, quercetin 4′-O-glucoside (m/z = 463.0873); compound 7, isorhamnetin 4-
O’-glucoside (m/z = 477.1040). With respect to the PDA, the following maximum ab-
sorbance wavelengths were observed for each flavonol: quercetin 3,7,4′-O-triglucoside
(346.7 nm), quercetin 7,4′-O-diglucoside (371.8 nm), quercetin 3,4′-O-diglucoside (343.2
nm), isorhamnetin 3,4′-O-diglucoside (346.7 nm), quercetin 3-O-glucoside (346.7 nm),
quercetin 4′-O-glucoside (362.3 nm), and isorhamnetin 4′-O-glucoside (371.1 nm). The
identified compounds coincide unequivocally with those reported by other authors in the
bibliography [10,33–35]. The data corresponding to maximum absorbance wavelengths,
mass spectra, theoretical and measured masses, and time of elution were included as
Supplementary Material (Table S2). Once this preliminary identification has been carried
out, the chromatographic method subsequently developed can be applied to other onion
varieties, taking into account the retention times and absorbance spectra, without the need
to apply masses. This is of interest because of the more time and effort involved in mass
spectrometry and because it is not usually available for most food quality industries and
research groups.

3.5. Separation and Quantification of Flavonols by UHPLC-PDA

The major flavonols found in the onions were separated and quantified by UHPLC by
means of an ACQUITY UPLC H-Class system coupled to an ACQUITY UPLC Photodiode
Array (PDA) detector. The PDA detector was set in the wavelength range of 210–400 nm for
the 3D scan, with a data collection rate of 40 pts s−1. However, all the flavonols were quantified
by 2D scan, and the PDA was set at 360 nm, which is approximately the maximum absorbance
wavelength of quercetin 3-O-glucoside, i.e., the commercially available flavonol standard.
Since the rest of the standards were not available, the rest of the compounds were quantified
according to the calibration curve of quercetin 3-O-glucoside, on the basis of the structural
similarities between these molecules while taking into account their molecular weights.

The flavonols were separated by injecting a 3.0 µL sample into an Acquity UPLC BEH
C18 column (50 mm × 2.1 mm i.d., 1.7 mm particle size, Waters Corporation, Milford, MA,
USA). The temperature was set at 55 ◦C and the mobile phase was a binary solvent system.
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Phase A was formed by 2% acetic acid in water and phase B by 2% acetic acid in acetonitrile.
These conditions were selected in accordance with the expertise acquired by our research
group from previous studies on this type of compounds [36–38]. The system was controlled
by Empower3 Chromatography Data Software (Waters Corporation, Milford, MA, USA).
The integration of flavonols was performed manually in the form “Valley-to-Valley”.

3.6. Box–Behnken Design (BBD)

A BBD design was employed to determine the effect of 3 factors (the 3 independent
variables) on the UHPLC-PDA separation. The factors studied were flow rate (X1), solvent
composition (% phase B) at the beginning of the gradient program (X2), and solvent
composition (% phase B) at the end of the gradient program (X3). As these factors have
different units and ranges, each factor was first normalized and forced into the range −1 to
+1 [20]. Thus, a Box–Behnken design with 3 factors and 3 levels for each factor: low (−1),
medium (0), and a high level (1), were set. Specifically, the studied ranges were as follows:
flow rate (mL min−1): 0.4, 0.5, 0.6; %B at the beginning (%): 0, 5, 10; and %B at the end
(%): 50, 75, 100. The ranges for the study were selected on the basis of our team previous
experience. The analysis time between the beginning and the end of the gradient was 5
min. The response variables (dependent variables) were optimized according to the peak
resolutions (YRs) and the analyses run time (YRT). The retention time of the last peak in
the chromatogram was regarded as the analysis run time, while the peak resolutions were
calculated according to Equation (6).

Rs =
2
(

tR(B) − tR(A)

)

Wb(A) + Wb(B)
, (6)

where tR (A) and tR (B) are the retention times of two adjacent peaks A and B, respectively,
and Wb (A) and Wb (B) are the peak widths at the base of the same adjacent peaks. All of
these parameters were calculated by means of Empower 3 Software (Waters Corporation,
Milford, MA, USA).

On the basis of the number of factors and using the specific BBD equation, we obtained
a design consisting of 15 experiments including 3 repetitions at their center point. The
results obtained from the whole experimental design matrix were analyzed by response
surface methodology. A mathematical model (Equation (7)) for each response can be built
in which each response of the system was considered as a function of the corresponding
factors and their corresponding interactions.

y = β0 + ∑k
i=1 βiXi + ∑k

i=1 βii·X2
i + ∑i ∑

k
i=1 βijXij + ε, (7)

where y is the dependent variable; Xi and Xj are independent variables; β0 is the regression
coefficient for the intercept; βi, βii, and βij are the regression coefficients for the linear,
quadratic, and interactive terms, respectively; and ε is the error.

In order to find the optimum chromatographic conditions for the 3 responses (peak
resolutions and analysis run time) at the same time, we performed an MRO together
with their desirability functions. Firstly, the data were analyzed to generate a separate
model for each response. Then, the predicted values obtained from each response surface
were transformed into an individual desirability function, di. The scale of the desirability
function ranges from 0 (for an unacceptable response value) to 1 (for a completely desirable
one) [39]. D was calculated by combining the individual desirability values by applying
the geometric mean (Equation (8)):

D = (d1 × d2 × . . . dm)
1
m , (8)
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where di indicates the desirability of the responses and m is the number of responses in the
measure. The MRO methodology is a very useful tool for quality control and analytical
laboratories since it can minimize analyses costs and time.

3.7. Validation Procedure and Chromatographic Properties

Once the UHPLC method had been developed for the determination of the major
flavonols in onions, it was validated according to the recommendations of ICH Guideline
Q2 (R1) [27] and then their chromatographic characteristics were measured.

For the validation of the method, we evaluated linearity, precision (repeatability
and intermediate precision), robustness, and detection (LODs) and quantification limits
(LOQs). The calculations were performed by means of Microsoft Office Excel 2013. A
calibration curve for quercetin 3-O-glucoside, the commercially available standard, was
plotted. The linearity of the calibration curve was evaluated by calculating its coefficient of
determination (R2). Since the rest of the standards were not available, these compounds
were quantified according to the calibration curve of quercetin 3-O-glucoside, on the basis
of the structural similarities between these molecules, while taking into account their
molecular weights. The LODs and LOQs were obtained by dividing, respectively, 3 and
10 times the signal-to-noise ratios by the slope of the calibration curves that had been
obtained. The repeatability and intermediate precision of the developed UHPLC method
were evaluated according to the retention time and peak resolution of each compound. For
this purpose, 9 replicates were completed on the same day. Regarding the intermediate
precision, 21 replicates were completed on 3 different days. The precision was expressed
as the coefficient of variance (CV) of each one of the above-mentioned parameters, where
the acceptable CV limit was under 10%, in accordance with the AOAC manual for the
Peer-Verified Methods program [28]. Finally, the robustness of the UHPLC method was also
evaluated. For this purpose, specific variations in the range of the column temperature, the
flow rate, and the injection volume were tested. For each parameter, 3 different variation
levels were evaluated, and for each level, 4 repetitions were carried out. For the statistical
analysis, two-tailed t-test assuming equal variances and a level of significance of 0.05
was employed.

With regards to the chromatographic properties, the retention time (tR), the reso-
lution (Rs), the retention factor (k) (Equation (9)), and the selectivity (α) (Equation (10))
were evaluated.

k =
t′R
tM

, (9)

∝=
t′R(B)
t′R(A)

=
K(B)
K(A)

, (10)

where tR (A) and tR (B) are the retention times of two adjacent peaks A and B, respectively;
tM is the column dead time; and t’R is the adjusted retention time (t’R = tR − tM). All of
these parameters were calculated by means of Empower 3 Software (Waters Corporation,
Milford, MA, USA).

4. Conclusions

A rapid and reproducible UHPLC-PDA methodology for the separation of the seven
major flavonols that can be found in onions was developed. A BBD was used in conjunction
with MRO to optimize the simultaneous separation of the seven flavonols of interest. The
optimal conditions for a successful separation were 9.9% phase B at the beginning of the
gradient, 53.2% phase B at the end of the gradient, 55 ◦C column working temperature,
and 0.6 mL min−1 flow rate. The analysis time between the beginning of the gradient and
the end of the gradient was 5 min. The complete separation was achieved in less than
2.7 min with excellent chromatographic characteristics (resolution, selectivity, and retention
factor). The method has also been successfully validated, showing high repeatability and
intermediate precision values (CV < 5%) for retention time and peak resolution, low limits
of detection and quantification, as well as good linearity. Furthermore, the robustness of the
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methodology was satisfactorily tested against variations of injection volume, temperature
column, and flow rate for most of the flavonols studied. The developed methodology saves
time, solvent, and costs in comparison to other methods found in the bibliography. The
method was also applied to the analysis of yellow, white, and red onions to successfully
demonstrate its applicability to the analysis of different onion varieties. This method would
allow laboratories, researchers, and companies to determine onion flavonol contents in a
particularly short time, which in turn would contribute to improving the quality of onions
and their sub-products when targeted to human consumption.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14040310/s1: Figure S1: Structural types of analyzed flavonols. Table S1: Characteristics of
the different onions studied. Table S2: Mass spectra information for the seven flavonols identified
in onion bulbs by UHPLC–photo-diode array (PDA)–quadrupole-time-of-flight mass spectrometry
(Q-ToF-MS) in negative ESI mode.
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Abstract: Ficus glumosa Delile (Moraceae), a reputed plant that is used in herbal medicine, is of
high medicinal and nutritional value in local communities primarily ascribed to its phytochemical
profile. Currently, there are hardly any fine details on the chemical profiling and pharmacological
evaluation of this species. In this study, the flavonoids and phenolics contents of the ethanol extracts
and four extracted fractions (petroleum ether (PE), ethyl acetate (EA), n-butanol, and water) of the
stem bark of Ficus glumosa were firstly quantified. Further, their antioxidant and antiproliferative
potentials were also evaluated. The quantitative determination indicated that the EA and n-butanol
fractions possessed the highest total flavonoids/phenolics levels of 274.05 ± 0.68 mg RE/g and
78.87 ± 0.97 mg GAE/g, respectively. Similarly, for the 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), and ferric-reducing antioxidant power
(FRAP) assays, the EA fraction exhibited high potency in both DPPH and ABTS+ scavenging
activities with IC50 values of 0.23 ± 0.03 mg/mL, 0.22 ± 0.03 mg/mL, and FRAP potential of
2.81 ± 0.01 mg Fe2+/g, respectively. Furthermore, the EA fraction displayed high cytotoxicity against
human lung (A549) and colon (HT-29) cancer cells. Additionally, the liquid chromatography coupled
with electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) was employed in order to
characterize the chemical constituents of the EA fraction of Ficus glumosa stem bark. Our findings
revealed 16 compounds from the EA fraction that were possibly responsible for the strong antioxidant
and anti-proliferative properties. This study provides edge-cutting background information on the
exploitation of Ficus glumosa as a potential natural antioxidant and anti-cancer remedy.

Keywords: Ficus glumosa; polyphenols; HPLC-ESI-MS/MS; antiproliferative; antioxidant

1. Introduction

Ficus glumosa (Moraceae), which is also referred to as ‘African rock fig’, is a medium-
sized tree, indigenous in semi-tropical and tropical African countries, and parts of West
Asia [1]. It is a reputed species in African Traditional Medicine (ATM) for millennia and it
serves a multipurpose use as food, healing diseases/ailments, and dye production. For
instance, the leaves are boiled or eaten raw as vegetables in northern Nigeria [2], whilst
the latex and figs as folk remedies, and the bark is used in the production of dye in the
Southern, Eastern, and Western African countries [3]. Interestingly, the “swelling” trait
of the latex makes it ideal as a potential disintegrant in tablet formulations [4]. Tradition-
ally, figs and bark decoctions were used for the curing of rheumatoid arthritis, diarrhea,
hemorrhoids, females sterility, and gingivitis [5,6], water retention, constipation, and liver

129



Pharmaceuticals 2021, 14, 266

complications [7]. The decoction from the leaves was orally administered for enhancement
of weight loss, alleviate coughing, and helminths removal [8]. In Kenya, local communities
use it for therapeutics and alimentation, for example, the figs are eaten as wild fruits and
the latex is used to treat cancer complications and epilepsy [9].

Presently, some unraveled pharmacological activities of Ficus glumosa mainly in-
clude antidiabetic [10], antihypertension [11], hypolipidemia and antiatherogenic [12],
antimalarial [13], antirheumatic [14], antioxidant [15], antibacterial [16], antifungal, and
anticancer [17]. Further, studies on other Ficus species show substantial antiproliferative,
anti-inflammatory, and antioxidant properties [18–20]. Previous studies linked the an-
tioxidant, antibacterial, antitumor, and hypoglycemic properties of Ficus glumosa to its
secondary metabolites profile, which is composed of alkaloids, flavonoids, saponins, triter-
penoids, tannins, phenolic acids, steroids, and coumarins [21,22]. These polyphenols are
naturally synthesized in plants as natural antioxidants and anticancer metabolites. They
regulate cellular mechanisms that elicit antiproliferative activities. Further, they modulate
the cumulative deleterious effects that are consequent of Reactive Oxygen and Nitrogen
species (ROS/RNS) overproduction, growth factor receptors interaction, and pathways of
cell signaling [23].

Antioxidants neutralize free radicals to suppress their oxidation potential by tar-
geting signaling pathways, including phosphatidylinositide 3-kinases/protein kinase B
(PI3K/Akt), among others [24]. Currently, there is an increased preference for natural an-
tioxidants, as most synthetic antioxidants suffer a major setback of being carcinogenic [25].
The antioxidant and antiproliferative potentials of Ficus glumosa have been less explored,
with a poor scientific elucidation of its medical utility. For instance, Ibrahim et al. [17]
assayed the leaves of four species for antitumor properties (F. glumosa, Holoptelea integrifolia,
Ulmus parvifolia, and Rumex dantatus), Madubunyi et al. [10] evaluated the antioxidant
and antidiabetic potential of stem bark of F. glumosa in Nigeria, while Nana et al. [26]
isolated chemical components from F. glumosa species and then assayed for their anticancer
activities. Moreover, Olaokun et al. [27] screened for secondary metabolites, antioxidant
properties, and inhibition of α-glucosidase and α-amylase enzymes of Ficus glumosa. The
characterization of this species in Kenya is yet to be reported, despite having established
that Ficus glumosa is rich in flavonoids, phenolic acids, fatty acids, and triterpenoids.

To this end, this study focused on evaluating the antioxidant and antiproliferative
activities of ethanol extracts, ethyl acetate (EA), petroleum ether (PE), n-butanol, and
water fractions of Ficus glumosa, and characterize its phytochemical profile. Meanwhile,
the quantification of the total yield of flavonoids and phenolics of the ethanol extracts,
PE, EA, n-butanol, and water fractions were performed. The high-performance liquid
chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS)
was further employed to identify the potential bioactive constituents in the EA fraction.
Thus, this study will expand the scope of natural compounds screening and characteriza-
tion, which serve as new entities in natural drug formulations.

2. Results and Discussion
2.1. Total Phenolics and Flavonoids Total Contents

Polyphenolics are ubiquitously synthesized in plants for growth and protection against
invasion by predators and pathogens. They are similarly believed to have related effects
on humans. For this reason, an evaluation of phenolics and flavonoids yield in this species
was deemed to be necessary.

The total flavonoids and phenolics compositions (TFC & TPC) in Ficus glumosa
ethanol extracts and fractions were determined while using two equations that were
obtained from standard calibration curves: y = 1.535x − 0.0335, R2 = 0.9982 for TFC, and
y = 1.9908x − 0.0202, R2 = 0.9993 for TPC. For TFC (Figure 1a), the EA fraction exhib-
ited the highest content of 274.05 ± 0.68 mg RE/g, followed by n-butanol fraction with
185.34 ± 1.30 mg RE/g. Moreover, for TPC (Figure 1b), the n-butanol fraction showed the
highest phenols accumulation of 78.87 ± 0.97 mg GAE/g, followed by the EA fraction with
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70.99 ± 1.40 mg GAE/g. The observed trends of both TFC and TPC were in descending
order of EA > n-butanol > ethanol extracts > PE > water, (8.44:5.71:3.96:1.14:1) and n-butanol
> EA > ethanol extracts > water > PE, (5.56:5.01:3.67:1.10:1), respectively.

The present TPC yield in our study is lower when compared with that of methanol
stem bark extract of Ficus racemosa that was obtained from Bangladesh, which was
242.97 mg GAE/g [28]. The TPC in Ficus racemose extracts from India was relatively lower,
39.03 ± 0.92 mg GAE/g extract [29]. Similarly, Abdel-Hameed [30] in a previous study on
Ficus decora, and Ficus afzelli quantified TPC of 60.40 ± 3.06 and 70.96 ± 4.64 mg GAE/g in
n-butanol fractions, 63.61± 3.70 and 97.30 ± 7.14 mg GAE/g in EA fractions, respectively.
Further, the TFC levels of EA and n-butanol fractions of Ficus glumosa in the present
study were higher than those of the same fractions of two Ficus species, Ficus lyrata and
Ficus sycomorous, which were obtained from Egypt and Oman. They had TFC yields of
68.27 ± 4.17, 89.12 ± 6.88 mg RE/g, 153.52, and 123.54 mg QE/100g, respectively [30,31].
The extraction methodology and features of extracting solvents affect the solubility of
different chemical components [32]. The TFC/TPC slight yields variation witnessed might
be a consequence of the aforementioned factors, in addition to the difference in extraction
procedures and geographical location.

Figure 1. (a) (TPC) The total phenolics content and (b) (TFC) total flavonoids content of Ficus glumosa. The results are
expressed in GAE (gallic acid equivalents) and RE (rutin equivalents) based on dry weight samples. ## p < 0.01 as compared
to ethanol extracts. PE, Petroleum ether; EA, ethyl acetate.

2.2. Antioxidant Potential

Evaluating the antioxidant potential of compounds using only one assay is considered
to be inconclusive due to the complex nature of polyphenols and divergent mechanisms
of free radical scavenging [33]. Three antioxidant assays were used in this study, namely
DPPH, ABTS, and FRAP were conducted to evaluate and compare the antioxidant power
of the ethanol extracts, PE, EA, n-butanol, and water fractions of Ficus glumosa. A general
observation was that the ethanol extracts, PE, EA, n-butanol, and water fractions expressed
certain scavenging potentials against DPPH and ABTS assays (Figure 2a,b). The DPPH
assay (Figure 3a) showed that the EA fraction exhibited the highest potential with an IC50
value of 0.23 ± 0.03 mg/mL. Similarly, in the ABTS assay (Figure 3b), the EA fraction
presented significant scavenging activity with a lower IC50 value of 0.22 ± 0.03 mg/mL
than the control, BHT, which had an IC50 value equal to 0.28 ± 0.02 mg/mL. Meanwhile,
in the FRAP assay (Figure 3c), the EA fraction also displayed the strongest antioxidant
potential with the IC50 value of 2.81 ± 0.01 mg Fe2+/g, followed by n-butanol fraction and
ethanol extracts. Generally, the EA fraction emerged as the most potent antioxidant in the
three bioassays.
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Figure 2. The percentage (%) scavenging rates of ethanol extracts, petroleum ether (PE), ethyl acetate (EA), n-butanol, and
water fractions of Ficus glumosa. (a) The % radical scavenging rates of DPPH (2,2-diphenyl-1-picrylhydrazyl) assay, and (b)
ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) assay exhibited by ethanol extracts, PE, EA, n-butanol, and
water fractions of Ficus glumosa.

Figure 3. The antioxidant activities of ethanol extracts, petroleum ether (PE), ethyl acetate (EA), n-butanol, and water
fractions of Ficus glumosa in IC50 and mg Fe2+/g. (a) The IC50 values of DPPH (2,2-diphenyl-1-picrylhydrazyl) assay,
(b) ABTS (2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) assay, and (c) FRAP (ferric-ion reducing power) assay
exhibited by ethanol extracts, PE, EA, n-butanol, and water fractions of Ficus glumosa, and positive controls; BHT (butylated
hydroxytoluene), Vc (vitamin c). ** p < 0.05 and ## p < 0.05 as compared to ethanol extracts and Trolox, respectively.

In previous studies on barks of four Ficus species, namely F. glumosa from Swaziland,
F. racemose from Bangladesh, F. racemose from India, and F. platyphylla from Burkina Faso,
displayed relatively lower DPPH IC50 values of 5.84± 1.53, 19, 5.99, and 1.93± 0.11 µg/mL,
respectively [13,28,34,35]. Partly, our antioxidant results for DPPH and ABTS bear a close
resemblance to those that were displayed by Ficus species from Yunnan, China [36]. They
showed DPPH IC50 values, as follows; Ficus virens var. verins (1.03 mg/mL), F. virens var.
sublanceolata (0.34 mg/mL), F. callosa (0.95 mg/mL), F. oligodon (2.54 mg/mL), F. racemose
(1.11 mg/mL), F. vasculosa (0.97 mg/mL), and F. auriculata (0.29 mg/mL). Moreover, the
same Ficus species exhibited ABTS IC50 values of 0.48, 0.23, 0.35, 0.86, 0.42, 0.69, and
0.25 mg/mL, respectively. Furthermore, our FRAP findings were consistent with previous
studies that were reported by Madubunyi et al. [10] on Ficus glumosa bark extracts from
Nigeria. The antioxidant activity correlates to the active metabolites in this sample fraction.
The strong ability of polyphenols to donate H-atom to free radicals makes them suitable
natural antioxidants [37]. In this regard, gallic acid, catechin, cinchonain I, cinchonain II,
and procyanidin B2 are some well-known compounds with antioxidant potential that have
been characterized in this study, hence being partly linked to the antioxidant results.
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2.3. Antiproliferative Activity

Anticancer activity was related to antioxidant activity, because antioxidants can sup-
press the formation of cancers that arise from oxidative stress. The effective regulation of
ROS via an antioxidant system could reduce cancer manifestation and also help in cancer
treatment [38]. Upregulated ROS generation promotes oxidative stress, particularly on
DNA molecules, by altering some gene sequences and/or activating proto-oncogenes,
causing DNA damage and resulting in mutations [39]. Polyphenols elicit antiprolifer-
ative activities through the regulation of some transduction pathways, such as signal
phosphatidylinositol 3-kinase (P13K), transducer and activating transcription (STAT-1),
Nuclear factor-like 2 (erythroid-derived 2-) (Nrf2), Hypoxia-inducible factor (HIF)-1 Perox-
isome proliferator-activated receptor (PRAR), and Mitogen-activated kinase-like protein
(MAKP) [40]. Thus, it was important to assay the ethanol extracts, EA, n-butanol, PE, and
water fractions of Ficus glumosa for antiproliferative activity on two cancer cells, namely
lung carcinoma (A549) and colon carcinoma (HT-29) using SRB (sulforhodamine B) assay
(Figure 4).

First of all, the cytotoxic effect of the ethanol extracts of Ficus glumosa was examined
(for a concentration range from 3.7 to 300 µg/mL) on HT-29 and A549 cells over 72 h. It
was revealed that the ethanol extracts exhibited dose-dependent inhibitory activities on
HT-29 and A549 cells, with IC50 equal to 124.40 and 186.10 µg/mL, respectively. Aliquots
of 100 µg/mL of ethanol extracts, PE, EA, n-butanol, and water fractions were evaluated
for the antiproliferative activity. The PE and EA fractions displayed significant cytotoxicity,
with an inhibition of 90.26% and 84.04% on HT-29 cells, and 88.38% and 82.10% on A549
cells, respectively, in comparison with the other fractions and ethanol extracts. The SRB
assay of ethanol extracts on HFL-1 cells exhibited a high IC50 value of 232.66 µg/mL, which
indicated low/no toxicity on a normal human lung. This indicated that the sample was bio-
compatible with the cell line. In regards to previous studies on stem barks of Ficus species
(F. fistulosa, F. hispida, and F. schwarzii), they displayed relatively higher antiproliferative
activities on A549 and HT-29 cells [41]. Similar findings were also reported in another study
on Ficus drupacea stem bark extract against HT-29 cells, which unraveled an anticancer
potential of IC50 28. 9 ± 3.7 µg/mL [42]. Additionally, this study upholds the potential
of this species to address a broad range of multifaceted diseases. Notably, the subject
pharmacological potential of this species could be linked with the quality and quantity of
structurally diverse secondary constituents’ interaction with the test components.

Figure 4. The antiproliferative activity of the ethanol extracts, PE (petroleum ether), EA (ethyl acetate), n-butanol, and
water fractions of Ficus glumosa. (a) The (%) inhibition rates of HT-29 and A549 cells by different concentrations of ethanol
extracts of Ficus glumosa. (b) The % inhibition rates of A549 and HT-29 cells treated with ethanol extracts, PE, EA, n-butanol,
and water fractions of Ficus glumosa. (c) The toxicity of ethanol extracts of Ficus glumosa on normal lung (HFL-1) cells.
&& p < 0.01, ** p < 0.01 when compared to ethanol extracts.
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2.4. HPLC Method Validation

The developed procedure was initially validated as ready for the quantification of
the phenolic derivatives, phenolic acids, and flavonoids characterized in the EA fraction
of Ficus glumosa. The calibration curves and correlation coefficients for the two standards
were higher than R2 > 0.998; an indication of good linearity within the examined ranges.
Meanwhile, the LODs for both gallic acid and rutin were 1.84 and 1.93 µg/mL, whereas
the LOQs were 5.58 and 5.85 µg/mL, respectively. This depicted a high sensitivity and
reliability of the procedure for the effective quantification of analytes.

Further, our method was regarded to be repeatable, precise, and highly stable exhibited
by the RSDs of intraday precision, repeatability, stability, and interday precision tests, which
were all <2.5%. The recoveries ranged between 95–99% with RSDs of <2.43% indicating
high accuracy and reproducibility. Table 1 provides the validation parameters results.

Table 1. Method validation for two compounds investigated.

Property
Analytes

Gallic Acid Rutin

Calibration equation y = 24.287x − 21.448 y = 16.298x + 3.3106
Linear ranges (µg/mL) 1–32 1.25–40
Correlation coefficient (R2) 0.9982 0.9988
LOD 1.84 1.93
LOQ 5.58 5.85
Intraday precision (% RSD) 2.36 0.58
Interday precision (% RSD) 1.69 0.47
Repeatability (% RSD) 2.10 0.65
Stability (% RSD) 2.49 0.56

Recovery Average recovery (%) % RSD Average recovery (%) % RSD
95.95 2.43 98.17 0.55

y = peak area; × = concentration of analytes (µg/mL); R2 = correlation coefficient; LOD/LOQ, limit of detection/quantification
(S/N = 3.3/10); % RSD = percentage relative standard deviation.

2.5. HPLC-MS Analysis of EA Fraction of Ficus glumosa

In this study, for the first time, the qualitative analysis of the EA fraction of Ficus glu-
mosa stem bark was achieved using HPLC-ESI-MS/MS (Figure 5). The HPLC method
was first optimized to allow clear separation and maintain proper peak shapes in order to
ensure a detailed investigation. An in-depth chromatographic investigation that was based
upon retention time, the order of elution, and MS base peak led to the characterization of
16 compounds; three phenolic acids, a phenolic derivative, and 12 flavonoids, as in Table 2.
The structures of the characterized compounds are shown in Figure 6.
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Figure 5. High-performance liquid chromatography-UV (HPLC-UV) chromatogram of EA fraction of Ficus glumosa at
wavelength 280 nm.

Table 2. High-performance liquid chromatography-electrospray ionization tandem mass spectrometry (HPLC-ESI-MS/MS)
data of compounds that were obtained from the EA fraction of Ficus glumosa stem bark.

Peak No. Rt (min) [M-H]_ MS/MS Fragments Tentative Identification Content (µg/g) References

1 4.13 168.92 169, 125 Gallic acid 1.59 [43,44]

2 6.11 153.03 153, 109 Protocatechuic acid 3.83 [45]

3 6.96 353.08 191 Caffeoylquinic acid isomer 2.36 [46,47]

4 7.43 335.16 289, 245, 205, 203, 179,
151, 137, 125, 109 Epi-catechin 0.74 [48,49]

5 7.86 577.23 425, 407, 289, 245, 203,
161, 137, 125 Procyanidin B2 dimer 4.28 [50]

6 9.62 335.11 289, 245, 205, 203, 179,
165, 151, 137, 125, 109 Catechin 22.93 [48,49]

7 11.17 561.19 289, 273, 271, 245 (Epi)afzelechin-(4-8)-
(epi)catechin 1.14 [51]

8 13.79 739.33 569, 459, 435, 417, 289,
177 Cinchonain II 0.32 [52,53]

9 16.50 739.38 739, 587, 569, 459, 435,
417, 339, 289, 245, 177 Cinchonain II isomer 1 30.86 [52,53]

10 20.75 451.16 341, 231, 217, 189, 177 Cinchonain I 22.82 [54]

11 22.50 739.29 569, 477, 459, 449, 435,
417, 339, 289, 177 Cichonain II isomer 2 2.24 [52,53]

12 26.18 451.15 341, 289, 231, 217, 189 Cinchonain I isomer 1 4.24 [54]

13 31.42 451.14 341, 231, 217, 189, 177 Cinchonain I isomer 2 0.29 [54]

14 45.29 451.13 341, 231, 217, 189, 177 Cinchonain I isomer 3 31.76 [54]

15 47.76 451.12 341, 217, 189, 177 Cinchonain I isomer 4 3.88 [54]

16 57.42 447.19 447, 403, 323, 295 Ellagic acid-rhamnoside 1.00 [55]

RT: retention time. Compounds were identified by comparing the mass spectra with literature data and available standards from databases
(PubChem, ChemSpider, HDMB, and MassBank). The content of each compound is expressed as µg/g of dry weight.
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Figure 6. Structures of constituents tentatively identified in the EA fraction of Ficus glumosa stem bark.

Compound 1 produced the [M-H]- at m/z 169, and the characteristic fragment ions at
m/z 169 and 125, which signified a neutral loss of CO2 molecule (44 Da). Thus, compound 1
was tentatively identified as gallic acid, as per recent reports [43,44]. Compound 2 displayed
a precursor molecular ion [M-H]- at m/z 153, and the loss of carboxyl group (44 Da) between
the major fragment ions at m/z 153 and m/z 109 an indication of decarboxylation. The
deprotonation of a molecule ion at m/z 153 led to the tentative identification of compound
2 as protocatechuic acid [45].

Compound 3 exhibited the [M-H]− at m/z 353 and produced the fragment ion at
m/z 191 [quinic acid-H]− due to a loss of caffeoyl group (C9H6O3). Compound 3 was
tentatively identified as caffeoylquinic acid isomer, as earlier reported in xiao-er-qing-jie
(XEQJ) granules and coffee [46,47].

Compounds 4 and 6 showed a similar protonated precursor ion at m/z 335 [M+HCOOH-
H]−, which corresponds to formate adduct [M+HCOO]− that formed from formic acid in
the A-mobile phase. The MS2 ion at m/z 289 generated fragments at m/z 245 [M-H-C2H4O]−,
205 [M-H-84]−, 203 [M-H-C2H4O-C2H2O]−, 179 [M-H-110]−, 165 [M-H-124]−, 151 [M-H-
C7H6O3]−, 137 [M-H-152]−, 125 [M-H-164]−, and 109 [M-H-180]−. The fragment ion at m/z
245 resulted from a loss of a C2H4O group. The cleavage of A ring produced the fragment
ion at m/z 205. The elimination of a catechol group (C6H6O2) yielded the ion at m/z 179.
After heterocyclic ring fission (HRF), the B-ring was eliminated, generating fragment ion at
m/z 165. The loss of rings A and C yielded ion at m/z 109. The ion at m/z 203 was produced
from a molecular ion at m/z 245 after cleavage at the C-ring. Analyzing the elution order,
retentions, and abundance of the fragments, the two compounds were concluded as
isomers. When comparing the MS2 spectra data and proposed fragmentation mechanism
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(Figures 7 and 8) of these compounds with recent data reports, compound 4 and compound
6 were tentatively identified as epicatechin and catechin, respectively [48,49].

Figure 7. MS/MS spectra for catechin (peak 6). The peak number corresponds to that in Table 2.

Figure 8. Proposed fragmentation pathway for catechin (peak 6).

Compound 5 presented the [M-H]- at m/z 577. Upon deprotonation, it yielded MS2

at m/z 425, 407, 289, 245, 161, 137, and 125, respectively. The ion at m/z 425 resulted from
the RDA (Retro-Diels-Alder) reaction losing 152 Da, then water (H2O) was eliminated to
form the molecular ion at m/z 407. The daughter ion at m/z 289 was consequent of the
cleavage of quinone methide (QM) at the interflavan bond. The molecular ion at m/z 289
underwent further deprotonation to produce ions at m/z 245, 137, and 125, due to the
neutral elimination of C2H4O molecule, RDA reaction, and a loss of 164 Da, respectively.
The loss of 84 Da from ion at m/z 245 produced ion at m/z 161. When comparing the
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MS/MS fragmentation of this compound with bibliographic data [50], compound 5 was
tentatively identified as procyanidin B2 dimer.

Compound 7 showed the [M-H]− at m/z 561. After the RDA reaction that was charac-
terized by a loss of 152 Da, it yielded ion at m/z 437. Further, MS2 at m/z 289, 273, and 271
were generated as a result of quinone methide cleavage at interflavan bond. The molecular
ion at m/z 289 suffered further deprotonation and released molecule ion at m/z 245 after
losing a C2H4O group (44 Da). By analyzing this fragmentation mechanism, compound 7
was tentatively identified as (Epi)afzelechin-(4-8)-(epi)catechin, which was reported earlier
in Laurus nobilis wood [51].

Compounds 8, 9, and 11 shared [M-H]- ions at m/z 739 with common MS/MS spectra
at m/z 569, 459, 435, 417, 289, and 177, implying that they are isomers. The ion at m/z
569 [M-H-152-H2O]− was produced as a consequence of RDA cleavage at the C ring
characterized by 152 Da loss, and then followed by H2O molecule loss. The fragment ion
at m/z 459 [M-H-152-H2O-C6H6O2]− was generated due to the loss of dihydroxybenzene
(C6H6O2) from ion at m/z 569. Quinone methide fission generated ion at m/z 289, which
also produced the daughter ion at m/z 177 after a loss of 112 Da. Repeated RDA cleavage
at C-rings of lower and upper subunits led to the formation of the molecular ion at m/z
435. The ion at m/z 435 underwent a loss of H2O molecule to form the fragment ion at
m/z 417. Hence, compounds 8, 9, and 11 were concluded as cinchonain II isomers. To our
expectation, similar compounds with identical fragmentation were reported in Crataegus
folium and Inula viscosa species, respectively [52,53].

Compounds 10, 12, 13, 14, and 15 displayed the [M-H]− at m/z 451. They produced
characteristic MS2 fragments at m/z 341 [M-H-C6H6O2]−, m/z 231 [M-H-2C6H6O2]−, m/z 217
[M-H-2C6H6O2-CH2]−, and m/z 189 [M-H-2C6H6O2-C2H2O]−, respectively, a confirmation
that they were isomers. Besides, fragment ion at m/z 217 underwent further loss of 40 Da to
generate predominant ion at m/z 177. Compounds 10, 12, 13, 14, and 15 were identified as
cinchonain I isomers, which were earlier reported in Acer palmatum by Zhang et al. [54].

Compound 16 exhibited [M-H]− at m/z 447, and then released a series of MS2 ions
at m/z 403 [M-H-44]−, 323 [M-H-124]−, and 295 [M-H-124-CO]−. By comparing this
fragmentation mechanism with MS/MS data in previous literature, compound 16 was
tentatively identified as ellagic acid-rhamnoside [55].

2.6. Quantification of Polyphenols in EA Fraction of Ficus glumosa

The biological assays and therapeutic effects of this species depend on the quantity of
each secondary metabolite identified. Particularly, the efficacy of traditional drugs relies
on the phytochemicals traits that elicit different biological activities.

The validated methods mentioned above were employed to investigate the quantities
of the 16 bioactive constituents that were identified in the EA fraction of Ficus glumosa, as
per the previous study. The secondary metabolites that were characterized in this fraction
were polyphenols, known for their pharmacological properties. Each polyphenol was
quantified based on two linear curves that were developed using external standards (gallic
acid and rutin) and plotting the areas of established curves against concentrations. The
phenolic derivatives and phenolic acids were given in terms of gallic acid, whereas the
flavonoids were expressed as rutin. The quantities of the identified compounds in the EA
fraction of Ficus glumosa stem bark were estimated and Table 2 provides their quantification
results. As confirmed in the screening data, the flavonoids were mainly flavanols and they
were the most chemical constituents in Ficus glumosa in this study. Cinchonain I isomer
3 (14) was the most abundant constituent, with 31.76 µg/g. Cinchonain II isomer 1 (9)
was the second in abundance, with 30.86 µg/g, followed by catechin (6) (22.93 µg/g).
Cinchonain I isomer 2 (13) was the least abundant, with 0.29 µg/g. Generally, cinchonain
I isomers accounted for higher content, followed by cinchonain II isomers in this study.
Phenolic acids occurred in trace amounts. In this class of compounds, protocatechuic acid
displayed a higher content of 3.83 µg/g when compared to the other phenolic acids. Hence,
it is suspected flavonoids accounted for the promising biological activities depicted by

138



Pharmaceuticals 2021, 14, 266

this fraction, owing to their abundance. It is worth noting that the quantification of each
compound content was an estimation of occurrence in the analyzed sample.

The chemical and content variation in this species might affect further pharmacological
explorations of Ficus glumosa. The geographical location and period of samples’ collection
might have influenced the content of bioactive constituents in this species. In addition to the
aforementioned factors, perhaps there might be other factors affecting the chemical content
that require extra investigations. Further, enhancing the efficacy, precision, and consistency
in the preparation of herbal drugs, the validation of every step involved is recommended.

2.7. Biological Significance of Chemical Constituents in EA Fraction of Ficus glumosa

The pharmacological activities of this species could be linked with the quantity and
quality of structurally diverse secondary constituents that interact and react with the test
components. HPLC-ESI-MS/MS analysis of EA fraction revealed 16 polyphenolic com-
pounds, mainly flavonoids and phenolic acids (Table 2). The aforementioned compounds
are well known for their bioactivity significance.

Polyphenols are normally formed in plants for obvious roles; however, their increased
synthesis is triggered as a counter mechanism to biotic/abiotic stresses [56]. Some of the
identified compounds belong to phenolic acids, namely gallic acid (1), protocatechuic
acid (2), and caffeoylquinic acid isomer (3). These are active metabolites that are widely
reported with strong antioxidant and antitumor bioactivities [57,58]. The number of OH
groups, the saturation degree, and other substitute groups dictate their potential in radical
quenching/scavenging mechanism as well as their anticancer activity [59].

Flavonoids possess versatile health-promoting effects, as demonstrated in previous
studies [60]. Majorly, flavanols constituted a higher percentage of components in the EA
fraction. Bansal [61] highlighted that flavanols’ biological properties tend to be influenced
by the position and number of OH groups, the presence of catechol/pyrogallol groups on
the B-ring, OH groups at positions C3, C5, and C7, and their degree of polymerization.
In this regard, bioactivity decrease from trimers to monomers, whilst it increases from
trimers to tetramers, whereas the ease of degradation varies with the type of interflavan
bond in oligomers, with epicatechin being more easily oxidized than catechin [62]. In the
present study, epicatechin (4), procyanidin B2 dimer (5), catechin (6), (epi)afzelechin-(4-
8)-(epi)catechin (7), cinchonain II (8), and cinchonain I (10) were tentatively identified in
this species and they were previously reported with some biological importance. They
possess antioxidant, anti-inflammatory, and antiproliferative properties for the case of
catechin (6) and epicatechin (4) [63], procyanidin B2 dimer (5) [64], and (epi)afzelechin-(4-
8)-(epi)catechin (7) [65]. Further, cinchonain I (10) and II (8) compounds are reported to
depict good antioxidant potential [66,67]. Ellagic acid-rhamnoside (16) was earlier assayed
and found to exhibit high antioxidant and antibacterial properties [68,69].

Each of the identified compounds is believed to have interacted with the test compo-
nents at different affinities that are reflected in the biological activities. Moreover, these
identified phytochemicals showed lower potency than the standard controls that were
used in the experimental tests. Hence, we recommend thorough screening and elucidation,
followed by biological activity evaluation of each compound.

3. Materials and Methods
3.1. Chemicals and Reagents

China Medicine (Group) Shanghai Chemical Reagent Corp provided ethanol, ethyl
acetate, petroleum ether, hexane, and n-butanol. (Shanghai, China). Acetonitrile and
formic acid (HPLC grade solvents) were acquired from TEDIA Limited (Fairfield, OH,
USA) and used with no further purification. The ultrapure water for LC-MS/HPLC
analysis was generated using an EPED machine (Yeap Esselte Tech. Co., Nanjing, China).
Sulforhodamine B (SRB), Dulbecco’s Modified Eagle Medium (DMEM), streptomycin, and
dimethyl sulfoxide (DMSO) were purchased from Gibco (New York, NY, USA). Millipore
membranes (0.22 µm) were provided by Jinteng Instrument Corporation (China). Trolox,
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gallic acid (99%), rutin (98%), vitamin C, BHT, ABTS, DPPH, and TPTZ were bought from
Sigma–Aldrich Corporation (St. Louis, MO, USA).

3.2. Plant Materials

The fresh stem barks of Ficus glumosa were harvested from a farm in Makueni County,
Kenya in July 2019. The cultivated plant materials were identified and authenticated
by a botanist from the East Africa Herbarium, National Museums of Kenya. A voucher
specimen number EAHF001/2019 was deposited in the herbarium of East Africa.

These materials were washed, dried under a shed, pulverized, powdered, and then
packed into polythene bags. They were stored at room temperature for further analysis.

3.3. Sample Extraction and Partitioning

The extraction process was performed as per a previous study [70] with some mod-
ifications. The 4.0 kg dried powdered Ficus glumosa stem bark was repeatedly extracted
(30 min. for three times) using an ultrasound-assisted extraction method at 30 ◦C with 70%
ethanol. The extracts were then combined and filtered. A rotatory evaporator was used to
evaporate the filtered extracts at 45 ◦C under reduced pressure and then lyophilized for
48 h. The total dry ethanol extracts obtained was 435.5 g. From the dry ethanol extracts,
39.5 g was dissolved into 200 mL of H2O. This solution was then subjected to subsequent
liquid/liquid extraction using petroleum ether (PE), ethyl acetate (EA), n-butanol, and
water in that order to obtain their corresponding PE, EA, n-butanol, and water fractions.

3.4. Preparation of Standard Solutions

Two reference compounds, rutin, and gallic acid, were prepared while using methanol,
each at 1 mg/mL. The standard solutions were properly attenuated using methanol in
a serial dilution to obtain working standards. The working solutions/standards ranged
from 1.25 to 40 µg/mL for rutin and 1 to 32 µg/mL for gallic acid. Each of the external
calibration curves was established using six working standards.

3.5. Method Validation for Quantitative Analysis

This analysis was conducted as per a recent study [71] with some modifications. The
established procedure was used in determining the limit of detection and quantification
(LOD/LOQ), precision, stability, and accuracy. Firstly, 10 µL of each of the working
standards was analyzed using HPLC-UV (Agilent 1220 HPLC, Waldron, Germany) and
chromatograms were obtained at 280 nm. Peak areas were plotted versus concentrations to
obtain linear graphs. The LODs and LOQs were examined at a signal-to-noise ratio (S/N)
of 3.3 and 10, respectively.

Intraday precision tests were conducted by analyzing one sample in six replicates
within one day. The same sample was analyzed for three consecutively days in triplicate
to evaluate for interday precision. For the repeatability test, five replicates of the sample
extract were analyzed in a day. The stability test was conducted by examining one sample
six times.

Two lots of three replicates of the sample extract were prepared to investigate for
recovery. The first lot was analyzed. The second lot was spiked with a known concentration
of the standards and then analyzed. Recovery (%) was calculated, as follows: [Detected
amount—initial amount]/spiked amount × 100%. Eventually, precision, repeatability,
stability, and recovery were given in RSD %.

3.6. Determination of Total Flavonoid Content (TFC)

This analysis was determined colorimetrically, as per [72] with few adjustments.
Firstly, a freshly prepared sample was mixed well with 0.2 mL of 5% NaNO2 in a 4 mL
EP tube for 6 min. Afterward, 0.2 mL of 10% AlCl3·6H2O was added and the solution
was allowed to settle. After 6 min., 1 mL of 4% NaOH solution was added. The contents
were left for 15 min., after which the absorbance was observed at 510 nm with a UV-

140



Pharmaceuticals 2021, 14, 266

spectrophotometer (UV-11000, MAPADA Shanghai, China). This procedure was repeated
using rutin in place of a sample extract. This test was performed in triplicate and the results
were defined as mg of rutin equivalents per gram (mg RE/g) sample.

3.7. Determination of Total Phenolic Content (TPC)

The TPC was performed in accordance with the Folin–Ciocalteu guidelines [73], with
some modifications. First, 50 µL of prepared sample extract together with 1.0 mL of 2%
Na2CO3 solution were added in a 2.0 mL EP mixed, and then incubated for 6 min. After
50 µL Folin–Ciocalteu reagent addition, the solution was incubated in darkness for 40 min.
Finally, the reaction absorbance was observed at 750 nm with a UV-spectrophotometer
(UV-1100, MAPADA Shanghai, China). This method was repeated by replacing the sample
extract with gallic acid. For each sample, this assay was conducted in triplicate, and the
results were given as mg of gallic acid equivalents (mg GAE/g) per gram of sample.

3.8. In-Vitro Antioxidant Assays of Ficus Glumosa
3.8.1. DPPH Assay

The DPPH assay of the Ficus glumosa samples was evaluated as per the previ-
ous method [74] with little modifications. DPPH solution (0.1mM) was prepared using
methanol. First, 10 µL of the prepared sample extract and positive controls were mixed
each interchangeably with 190 µL of already prepared DPPH in a well-plate. The mixture
was cultivated for 30 min. in the dark and the attained absorbance was observed at 517 nm
using the multifunctional 96-well plate reader (Tecan, Infinite M20PRO, Switzerland).
Methanol was used to correct the baseline as the blank. This assay was repeated three
times. The percentage rate of the DPPH scavenging was calculated and then expressed, as
follows: DPPH activity (%) = [(CO-C1/CO)] × 100%, where Co is the control absorbance
and C1 is the sample extract/control absorbance.

3.8.2. ABTS Assay

This assay was performed as per [75] with minimal modifications. The ABTS solution
(7 mM) was first prepared using ultrapure water. After that, ABTS+ stock solution prepara-
tion was done by mixing equivalent volumes of ABTS (7 mM) with (2.45 mM) potassium
persulfate (dissolved in water), and then the mixture was incubated for 16 h. Methanol
was used to dilute the ABTS+ stock until an absorbance of 0.70 ± 0.02 was achieved at
734 nm. The test samples were then appropriately attenuated to attain serial concentrations.
Subsequently, 10 µL of the freshly prepared sample was mixed with 190 µL ABTS+ solution
and left covered for 30 min. The contents absorbance was observed and noted at 734 nm.
Methanol was used to correct the baseline. This test was done three times. The ABTS
calculation and results expression was in terms of IC50 similarly as in the DPPH assay that
is described above.

3.8.3. FRAP Assay

The FRAP assay test of ethanol extracts, petroleum ether (PE), ethyl acetate (EA),
n-butanol, and water fractions of Ficus glumosa was done as per [70] with minimal modi-
fications. First, the stock solution, FRAP reagent (Fe3+-TPTZ), was made up of 300 mM
acetate buffer of pH 3.6 (sodium acetate, acetic acid plus water), FeCl3·6H2O solution, and
10 mM TPTZ (2,4,6-tri(2-pyridyl)-S-triazine) solution in 40 mM HCl in a ratio of 10:1:1
(v/v/v). It was heated first to attain 37 ◦C. In a 1.5 mL EP tube, 20 µL of the properly mixed
sample was mixed with 60 µL H2O and 520 µL fresh FRAP reagent. This solution was
stored for 12 min. at 37 ◦C. Afterward, the absorbance of the mixture was read at 593 nm
with a UV-spectrophotometer (UV-1100, MAPADA, China). Each test was repeated three
times. The results were eventually given as milligrams Fe2+ per gram (mg Fe2+/g) of the
sample in mean values ± SEM. FeSO4·7H2O was used as the standard.
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3.9. In-Vitro Anti-Proliferative Assay of Ficus glumosa
3.9.1. Cell Culture

Two human cancer cells for colon adenocarcinoma (HT-29) and lung adenocarcinoma
(A549) were both purchased from China Centre for Type Culture Collection (Hubei, China).
The DMEM (checked for contamination prior use) for the culture of cancer cells was
composed of 100 µg/mL streptomycin-1% penicillin (100 U/mL), fetal bovine serum
(10%), and L-glutamine (2 mM). The cells were cultured in an environment of 90% relative
humidity (RH), 5% CO2, and 37 ◦C for one week to achieve confluence. A hemocytometer
was employed in order to check for the viable cells well suited for cytotoxicity assay with
only those having over 80% confluence being the ones selected.

3.9.2. Anti-Proliferative Activity Analysis

The ethanol extracts, petroleum ether (PE), ethyl acetate (EA), n-butanol, and water
fractions of Ficus glumosa were evaluated for antitumor activity against A549 and HT-29
cancer cells using the sulforhodamine (SRB) assay [76] with minimal modifications. Briefly,
100 µL monolayer cells (of specified density) that were contained in DMEM were inoculated
in each 96-well-plate. The cells were incubated for 3 h in a well-humidified area at 90% RH,
37 ◦C, and then 5% CO2 for another 24 h to regain confluence before the sample addition.
At first, the extract samples were dissolved at high concentrations using DMSO, and later
at a lower concentration using water and then allowed to dry at room temperature. DMEM
was used to prepared different concentration samples in each well. The 96 well-plate was
incubated for 72 h, and 5 µL of 10% cold (4 ◦C) trichloroacetic acid (TCA) was then added
for 40 min. at 4 ◦C. The supernatant was washed and dried at 25 ◦C. Subsequently, the
plates (dried) were stained in 1% CH3CO2H using 50 µL of 0.4% w/v SRB for 20 min. The
1% CH3CO2H was used to wash the plates and then allowed to dry. After drying, they
were dissolved using 150 µL of 10 mM Tris base. The absorbance was taken at 510 nm
wavelength. A medium with less than 0.1% DMSO was used as the control. This assay was
conducted in triplicate and the results evaluated, as follows.

IC50 cell inhibition (%) = [OD mean of control − OD mean of extract/OD mean of
control] × 100%, where OD is the absorbance value.

3.10. HPLC-ESI-MS/MS Analysis of EA Fraction of Ficus Glumosa

The analysis of Ficus glumosa was conducted using a Thermo Accela HPLC 600 con-
nected with a mass spectrometer, TSQ-QuantumTM Access MAX (Thermo Fischer, San Jose,
California, USA). The separation of the sample was achieved by Waters Symmetry RP-C18
column, 4.6 × 250 mm, 5 µm (Milford, USA) at 30 ◦C. The solvents (water/acetonitrile)
were composed of formic (FA) acid (0.1%) in ultrapure water (A mobile phase) and 100%
ACN (B mobile phase). The HPLC elution gradient was adjusted and set, as follows:
15–17% in 0–5 min., 17% in 5–15 min., 17–23% in 15–40 min., 23–25% in 40–45 min., and
25–33% in 45–65 min. Injected volume, 10 µL, 0.8 mL/min. as the flow rate, and online
monitoring of UV-chromatogram was at 280 nm. The MS settings were adjusted, as below:
negative full scan and dependent-data scan mode, capillary temperature, 350 ◦C, vaporizer
temperature at 300 ◦C, sheath gas pressure (N2) at 40 psi, auxiliary pressure (N2) at 10 psi,
and spray voltage at 3kV and mass range at 150–1500 m/z.

3.11. Statistical Analysis

All analyses were conducted, and their resulted values were given as mean± standard
deviations. The SPSS statistics 22 software (IBM Corporation, New York, USA) was used
for data analysis. One way ANOVA with Duncan test was used for comparing multiple
means and significance differences were considered at p < 0.01 and p < 0.05.

4. Conclusions

In this study, all of the bioassays conducted serve as evidence of the effects of Fi-
cus glumosa on ABTS, DPPH, and FRAP, along with antiproliferative activities on A549 and
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HT-29 cells. This is the first study to report on the phytochemical profile, antioxidant, and
antiproliferative properties of the EA fraction of Ficus glumosa stem bark. The EA fraction
depicted good potency in both antitumor and antioxidant activities, which reflected the
polyphenols composition in this fraction. Notably, HPLC-ESI-MS/MS analysis led to the
characterization of 16 compounds, which consisted of three phenolic acids, a phenolic
derivative, and 12 flavonoids. Hence, this study comprehensively substantiates Ficus glu-
mosa as a prospective remedy for cancer phytomedicine development. Meanwhile, detailed
phytochemical fingerprinting work on this underexploited species not only provide a
baseline for further investigations, but is also considered to be paramount in support of its
pharmacological value, as justified in ethnopharmacological use.
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Abstract: Divya-Swasari-Vati (DSV) is a calcium-containing herbal medicine formulated for the
symptomatic control of respiratory illnesses observed in the current COVID-19 pandemic. DSV is
an Ayurvedic medicine used for the treatment of chronic cough and inflammation. The formulation
has shown its pharmacological effects against SARS-CoV-2 induced inflammation in the humanized
zebrafish model. The present inventive research aimed to establish comprehensive quality parameters
of the DSV formulation using validated chromatographic analytical tools. Exhaustive identification of
signature marker compounds present in the plant ingredients was carried out using ultra performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC/QToF MS). This was
followed by simultaneous estimation of selected marker components using rapid and reliable high-
performance liquid chromatography (HPLC) analysis. Eleven marker components, namely gallic
acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol,
6-gingerol, piperine and glabridin, were selected out of seventy-four identified makers for the
quantitative analysis in DSV formulation. Validation of the HPLC method was evaluated by its
linearity, precision, and accuracy tests as per the International Council of Harmonization (ICH)
guidelines. Calibration curves for the eleven marker compounds showed good linear regression
(r2 > 0.999). The relative standard deviation (RSD) value of intraday and interday precision tests
were within the prescribed limits. The accuracy test results ranged from 92.75% to 100.13%. Thus,
the present inclusive approach is first of its kind employing multi-chromatographic platforms for
identification and quantification of the marker components in DSV, which could be applied for
routine standardization of DSV and other related formulations.

Keywords: Ayurveda; Divya-Swasari-Vati; herbal medicine; UPLC/QToF MS; HPLC; validation

1. Introduction

The world community is grappling with the devastating effects of the novel coron-
avirus disease (COVID-19) caused by Severe Acute Respiratory Syndrome Corona Virus
2 (SARS-CoV-2). The pandemic has caused a serious medical crisis, infecting more than
120 million people and leading to more than 2 million deaths [1]. The situation is con-
sidered to be more serious for patients suffering from respiratory syndromes. Infection
with this respiratory virus is associated with robust inflammatory responses, which further
worsen the condition [2]. The immune system plays an essential role in COVID-19 infection.
Hence, enhancing the (natural body system) immunity may represent a major contribution
as a prophylactic measure against multiple pathogenic conditions as well as maintaining
optimum health [3].
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Currently, the pandemic has entered a perilous phase where there are no specific drugs
or other therapeutics against this viral outbreak [4]. The scientific community is working
relentlessly to discover active pharmacological moieties that might provide new tools
against this unabated transmission. Traditional, complementary and alternative medicines
have emerged as the bright ray of hope in this regard [5]. Since immune dysfunction plays
a vital role in disease progression, consumption of herbal medicines containing certain
active compounds which have antimicrobial or antiviral, anti-inflammatory and immuno-
stimulatory activities, might have potentials as effective prophylactic or even therapeutic
against SARS-CoV-2 [6].

Divya-Swasari-Vati (DSV) is a calcio-herbal tablet formulation consisting of sixteen
herbo-mineral ingredients (Table 1). The formulation is concocted using different parts of
several medicinal plants which have a long history of usage for the treatment of respiratory
infections and bronchitis. Herbal ingredients like roots of Glycyrrhiza glabra (licorice) have
been used ethno-medicinally for the treatment of coughs, cold and COPD. Glycyrrhizin,
a triterpenoid saponin from licorice has performed remarkably in inhibiting the replica-
tion of earlier SARS virus with very few side effects [7]. Eugenol, one of the abundant
phenolics found in the buds of Syzygium aromaticum and bark of Cinnamomum zeylanicum
(cinnamon), is very well known for its anti-inflammatory and free radical scavenging
properties [8]. Pistacia integerrima (zebrawood) is known to exert anti-asthmatic action by
mitigating TNFα activity [9]. Cressa cretica is known to have bronchodilatory and mast cell-
stabilizing activity [10]. Zingiber officinale (ginger), has been used for ages as a home remedy
for the treatment of common cold, asthma and bronchitis. A novel compound having
structural similarities with 6-gingerol showed strong binding affinities SARS-CoV-2 viral re-
ceptors [11]. Piperine from the fruits of Piper nigrum (black pepper) and Piper longum (long
pepper), has been shown to possess endothelial barrier protective and leukocyte migration
suppressive effects [12]. Secondary metabolites from the roots of Anacyclus pyrethrum (Span-
ish chamomile) like saponins and tannins are known to exert immunomodulatory and
immune-stimulating effects [13]. The ethno-medicinal uses of DSV ingredients have been
recently validated in a mouse model of allergic asthma where the ingredients potentially
suppressed the allergic asthma by modulating pro-inflammatory cytokines [14]. It is well
established that the pathophysiology of SARS-CoV-2 infectivity involves different pro-
inflammatory cytokines, which put the host immune system into overdrive. Thus, blocking
the cytokine storm could represent a vital weapon for combating SARS-CoV-2 infectivity.
Indeed, DSV successfully ameliorated SARS-CoV-2 spike protein-induced inflammation in
a humanized zebrafish model by blocking the IL-6 and TNF α cytokine surge [15].

Plant extracts are exceedingly complex multicomponent mixtures. These wide arrays
of phytochemical components may either function alone or in amalgamation with other
components to yield the desired pharmacological effects [16]. Chromatographic finger-
printing and chemical profiling are very much essential for global acceptance of traditional
herbal medicines (THMs); and have proved to be a favorable approach to ensure quality
control of herbal preparations. Many agencies such as the World Health Organization
(WHO), the Food and Drug Administration (FDA), and the European Medicines Agency
(EMA) recommend the use of analytical modern analytical tools to monitor critical quality
attributes of in-process materials in a timely manner. This approach is quintessential to
verify the stability and consistency of THMs [17,18]. Poly-herbs of DSV consist of a myriad
of secondary metabolites. Consequently, in order to standardize the formulation, and to
help manufacturers to have consistent products, a suitable selection of analytical techniques
becomes imperative.

Thus, for the comprehensive quality control of DSV, we describe herein the develop-
ment of a simple, reliable, and sensitive high-performance liquid chromatography–diode
array detection (HPLC–DAD) method for the simultaneous analysis of eleven marker
components in the formulation. The intrinsic complexity of THMs with no obvious targets
for quantification is one of the biggest challenges when it comes to ensuring their identity
and quality. Ultra-performance liquid chromatography–mass spectrometry coupled with a
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quadrupole time of flight analyzer (UPLC/QToF MS) is one of the most powerful analytical
tools which excels in the identification of ionisable moieties with high mass accuracy [19].
Seventy-four compounds were characterized in the DSV formulation using UPLC/QToF
MS out of which eleven—gallic acid, protocatechuic acid, methyl gallate, ellagic acid,
coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin—were
chosen as the signature analytes of the formulation. A validated HPLC method was
then successfully applied for the simultaneous quantification of target components in five
different batches of DSV.

Table 1. Ingredients and Composition of Divya-Swasari-Vati (DSV) tablet formulation. Excipients: gum acacia (Acacia
arabica) 4.62%, hydrated magnesium silicate 1.38% and colloidal silicon dioxide 1.38% are also present in the formulation.

S. No. DSV Constituent’s Scientific Name Hindi Vernacular Name % in Each DSV Tablet

1 Pistacia integerrima Kakadasingi 11.66

2 Glycyrrhiza glabra Mulethi 11.85

3 Cressa cretica Rudanti 11.66

4 Piper nigrum Marich 7.77

5 Piper longum Choti pippal 7.77

6 Zingiber officinale Sounth 7.77

7 Cinnamomum zeylanicum Dalchini 5.92

8 Syzygium aromaticum Lavang 5.92

9 Anacylus pyrethrum Akarkara 5.92

10 Herbally processed ash from calcined shell of pearl
oyster (Pinctada fucata) Mukta- Shukti Bhasma 2.33

11 Herbally processed ash from rich gypsum Godanti Bhasma 2.33

12 Herbally processed ash from calcined cowry shell of
Cypraea moneta Kapardak Bhasma 2.33

13 Herbally processed ash from calcined mica Abharak Bhasma 2.33

14 Herbally processed ash from calcined form of alum Sphatika Bhasma 2.33

15 Coral calcium powder processed with rose water Praval Pishti 2.33

16 Herbally processed ash from calcined borax Tankan Bhasma 2.33

2. Results
2.1. UPLC/QToF MS Analysis Characterized Chemical Markers in DSV

Peaks corresponding to chemical metabolites in DSV (Figure 1) were identified using
the UPLC/QToF MS system and have been listed in Table 2. Fifty-nine compounds were
identified in the positive mode of ionization (Figure 1A, Table 2) and forty-five compounds
were identified in the negative mode of ionization (Figure 1B, Table 2). Thirty common
compounds were found in both the ionization modes, i.e., positive and negative modes.
Eleven markers (gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin,
cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin, Supplementary
Figures S3 and S4) were selected out of seventy-four identified compounds as chemical
markers to represent the herbal components in the DSV formulation. The identification of
compounds relied on the mass fragmentation pattern data and accurate mass measurement
of the selected chemical markers with the aid of a mass spectral library created in-house and
reported literature values (Supplementary Figures S3 and S4). The triterpenoid glycyrrhizin
and the isoflavonnoid glabridin were selected as the signature markers for Glycyrrhiza glabra.
Eugenol, a phenylpropanoid derivative, and cinnamic acid were chosen for Sygygium
aromaticum and Cinnamomum zelanicum, respectively. Methyl gallate, one of the active
constituents present in the galls of Pistacia integerrima, was selected as its signature marker.
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Coumarins are the biologically active constituents of the halophytic plant Cressa cretica
hence coumarin was selected as the marker for that species. 6-Gingerol, a very well-
known pungent phenol from Zingiber officinale was designated as the marker for this
plant. The alkaloid piperine was chosen as the representative marker for Piper nigrum and
Piper longum. Roots of Anacylus pyrethrum are rich in tannins, hence, the most popular
tannins—gallic acid and ellagic acid—were selected for the same.

2.2. Establishment and Optimization of the HPLC–DAD Method:

Chromatographic separation seems to be a challenging task when it comes to struc-
turally diversified phyto-components for these compounds possess very broad range of
polarity. The aim was to separate the targeted components gallic acid, protocatechuic acid,
methyl gallate, ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol,
piperine and glabridin with a compatible solvent system. Compared with isocratic elution,
gradient elution gave a shorter overall analysis and optimum resolution. After several
trials, the best separation of all the marker components was found with a solvent system
consisting 0.1% orthophosphoric acid in water adjusted to pH 2.5 with diethylamine (sol-
vent A) and 0.1% orthophosphoric acid in acetonitrile: water (88:12) adjusted to pH 2.5
(solvent B) with gradient programming. Finally, optimized chromatographic conditions to
ensure good separation were achieved by injecting 10 µL of standard and sample solution
using a Shodex C18-4E (5 µm, 4.6 mm × 250 mm) maintained at 35 ◦C and subjected to
binary gradient elution. The wavelengths at which all the signature analytes were detected
were found to be 278 nm and 250 nm. The chromatograms, acquired with a flow rate of
1.0 mL/min showed effective separation of analytes (Figure 2).

2.3. Validation of the Developed and Optimized HPLC Method for Quantitative Analysis of Eleven
Marker components in DSV

The HPLC method was validated by defining the linearity, limits of quantification and
detection, accuracy, precision, robustness and ruggedness. Validation was performed on
DSV (batch #B SWV117) of as per the requirements established by ICH guidelines [20].

2.3.1. Specificity, Linearity, Limits of Quantification and Detection

No interference was detected close to the retention times of the selected marker com-
ponents indicating that the detected peaks were free from co-eluting interferents. The result
indicates that the peak of the analyte was pure which confirmed the specificity of the
method (Supplementary Figure S1). The linear regression analysis data for the calibration
plot exhibited good linear relationship for all the compounds over the concentration range
proposed. The correlation coefficient for the calibration curves of all the targeted signature
analytes was found to be higher than 0.99 (Supplementary Figure S2). The results of
regression equation, the correlation coefficient (r2) along with the concentration range are
listed in Table 3. The LOD of marker components was found to below the prescribed limit
(NMT 33%) whereas, the LOQ values were also within the assigned permissible range
(NMT 10%) (Table 3).

2.3.2. Accuracy and Precision

The recoveries of the eleven marker compounds at the three different concentrations
were observed to be in the range from 92.75% to 100.13%. The results provided evidence
that the established HPLC method is accurate for the simultaneous determination of eleven
marker components in DSV (Table 3). Precision in interday and intraday runs are shown
in Table 3. The values of the precision were within the permissible criteria of <2% for
gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin, cinnamic acid,
glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin indicating that the method is
sufficiently precise for them (Table 3).
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Figure 1. Total ion chromatogram of seventy-four compounds characterized in Divya-Swasari-Vati
(DSV) in (A) positive mode and (B) negative mode using UPLC/QToF MS. The seventy-four com-
pounds are, (1) quinic acid, (2) galloyl glucose, (3) gallic acid, (4) Theogallin, (5) protocaechuic acid, (6)
methyl gallate, (7) 3, 4-di-O-galloylquinic acid, (8) chlorogenic acid, (9) 1,6-di-O-galloyl-glucose, (10)
digallic acid, (11) cryptochlorogenic acid, (12) neoliquiritrin, (13) liquiritigenin, (14) ellagic acid, (15)
quercetin-3-O-β-D-glucuronide, (16) coumarin, (17) kushenol O, (18) licurazide, (19) liquiritin apio-
side, (20) liquiritrin, (21) N-feruloyltyramine, (22) cinnamic acid, (23) 24-hydroxy licoricesaponin A3,
(24) licoricesaponin A3 (25) glabrolide, (26) eugenol, (27) piperanine, (28) licoricesaponin G2, (29) gly-
cyrrhizin, (30) piperyline, (31) 3-o-(β-D-glucoronopyranosyl (1-2)-β-D-galacto pyranosyl) glycyrrhetic
acid, (32) licoricesaponin K2, (33) 6-gingerol, (34) 4,5-dihydropiperlonguminine, (35) piperlongumi-
nine, (36) licoricesaponin J2, (37) feruperine, (38) licoricesaponin C2, (39) piperine, (40) shinptero-
carpin, (41) licoricesaponin B2, (42) glabridin, (43) piperettine, (44) piperolein A, (45) dipiperamide E,
(46) retrofractamide A, (47) glabrol, (48) 1- methoxyphaseollidin, (49) piperolactam-C9:1 (8E), (50) 1-
methoxyphaseollin, (51) dehydropipernonaline, (52) pipernonaline, (53) 2-αhydroxyursolic acid, (54)
licochalcone A, (55) dipiperamide-D, (56) piperolein B, (57) pipercide, (58) 10,11-dihydropipercide,
(59) sophoranodichromane D, (60) piperundecalidine, (61) shinflavanone, (62) guineesine, (63) gly-
cyrrhetic acid, (64) ursolic acid, (65) glycyrrhetol, (66) liquidambronal, (67) betulonic acid, (68)
oleanonic acid, (69) deoxyglabrolide, (70) glypallidifloric acid, (71) 5-hydroxyeicosatetraenoic acid,
(72) ginkgolic acid, (73) N-isobutyl-(2E,4E)-octadecadienamide, (74) pipnoohine.
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2.2. Establishment and Optimization of the HPLC–DAD Method: 
Chromatographic separation seems to be a challenging task when it comes to struc-

turally diversified phyto-components for these compounds possess very broad range of 
polarity. The aim was to separate the targeted components gallic acid, protocatechuic acid, 
methyl gallate, ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, 
piperine and glabridin with a compatible solvent system. Compared with isocratic elu-
tion, gradient elution gave a shorter overall analysis and optimum resolution. After sev-
eral trials, the best separation of all the marker components was found with a solvent 
system consisting 0.1% orthophosphoric acid in water adjusted to pH 2.5 with diethyla-
mine (solvent A) and 0.1% orthophosphoric acid in acetonitrile: water (88:12) adjusted to 
pH 2.5 (solvent B) with gradient programming. Finally, optimized chromatographic con-
ditions to ensure good separation were achieved by injecting 10 μL of standard and sam-
ple solution using a Shodex C18-4E (5 μm, 4.6 mm × 250 mm) maintained at 35 °C and 
subjected to binary gradient elution. The wavelengths at which all the signature analytes 
were detected were found to be 278 nm and 250 nm. The chromatograms, acquired with 
a flow rate of 1.0 mL/min showed effective separation of analytes (Figure 2). 

 
Figure 2. HPLC–DAD analysis identified and quantified the presence of 11 targeted marker components in DSV. The DSV 
sample (pink lines) was compared using reference standard mix (blue lines). The chromatograms were recorded at 278 
nm for (methyl gallate, coumarin, cinnamic acid, eugenol, 6-gingerol, piperine and glabridin), and at 250 nm for ellagic 
acid and glycyrrhizin. UV-spectra of each detected analyte has been shown in the respective insets, along with HPLC 
retention times. 

2.3. Validation of the Developed and Optimized HPLC Method for Quantitative Analysis of 
Eleven Marker components in DSV 

The HPLC method was validated by defining the linearity, limits of quantification 
and detection, accuracy, precision, robustness and ruggedness. Validation was performed 
on DSV (batch #B SWV117) of as per the requirements established by ICH guidelines [20]. 

  

Figure 2. HPLC–DAD analysis identified and quantified the presence of 11 targeted marker components in DSV. The DSV
sample (pink lines) was compared using reference standard mix (blue lines). The chromatograms were recorded at 278 nm
for (methyl gallate, coumarin, cinnamic acid, eugenol, 6-gingerol, piperine and glabridin), and at 250 nm for ellagic acid and
glycyrrhizin. UV-spectra of each detected analyte has been shown in the respective insets, along with HPLC retention times.

2.3.3. Robustness and Ruggedness

Deliberate variations in terms of column temperature and flow rate were taken into
consideration for this method (Table 3). In all modifications, good separation of targeted
analytes was achieved, and it was observed that %RSD was within the limit of not more
than 20% indicating the robustness of the method. All the marker components showed
%RSD less than 10% except methyl gallate which was found to be 15.63%. Ruggedness
for the developed HPLC method was calculated by the %RSD of intermediate precision.
The results in Table 3 show that % RSD for gallic acid, protocatechuic acid, methyl gallate,
ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and
glabridin (NMT 10%) which indicates the ruggedness of the developed method for the
analysis of the targeted analytes.

2.4. Validated HPLC–DAD Method Simultaneously Quantified Eleven Marker Analytes in Five
Different Batches of DSV

The validated method was applied for the simultaneous determination of eleven
marker components in five batches of DSV. The results of quantitative analysis are de-
picted in Figure 3. It was viewed, that the signature analytes, gallic acid, glycyrrhizin,
eugenol and piperine showed marked prominence in all the batches of formulation. It is
obvious from the results that detection of a single component cannot control the qual-
ity of DSV effectively. Thus simultaneous determination of multiple markers becomes
imperative in this situation. Our developed HPLC method suitably detected the tar-
geted analytes in all five DSV batches, with acceptable batch to batch variance. Gallic
acid (3438 ± 550.7 µg/g), glycyrrhizin (4214 ± 201.9 µg/g), eugenol (5385 ± 980.2 µg/g)
and piperine (5763 ± 699.4 µg/g) stood out in terms of showing marked prominence
in DSV batches, whereas, the mean concentration of—protocatechuic acid, methyl gal-
late, ellagic acid, coumarin, cinnamic acid, 6-gingerol and glabridin—were found to
be 65.79 ± 9.109 µg/g, 875.7 ± 260.3 µg/g, 283.3 ± 68.82 µg/g, 49.85 ± 8.979 µg/g,
40.24 ± 2.514 µg/g, 494.1 ± 34.03 µg/g, and 241.2 ± 39.32 µg/g, respectively (Figure 3).
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glycyrrhzin, eugenol, 6-gingerol, piperine and glabridin using HPLC-DAD analysis in five different batches of Divya-
Swasari-Vati (DSV). Scatter plot show detected concentrations of each analyte with mean and SEM (n = 5), in DSV formu-
lation. Chemical structure of analytes have been sourced from www.pubchem.com (accessed on 22 March 2021). 

  

Figure 3. Quantitative analysis of gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin, cinnamic acid,
glycyrrhzin, eugenol, 6-gingerol, piperine and glabridin using HPLC-DAD analysis in five different batches of Divya-
Swasari-Vati (DSV). Scatter plot show detected concentrations of each analyte with mean and SEM (n = 5), in DSV
formulation. Chemical structure of analytes have been sourced from www.pubchem.com (accessed on 22 March 2021).

3. Discussion

For millennia, traditional herbal medicines (THMs) have proven their value as sources
of active therapeutic molecules [21]. THMs are made up of multiple herbs containing
a plethora of secondary metabolites in variable concentrations. Phyto-therapeutics are
complex, systematic and multi-targeted which are claimed to work synergistically [22].
The quality of THM products are usually influenced by their different plant species, grow-
ing conditions, harvest seasons, processing and other factors, which [23] have made their
use more challenging. A number of attempts have been made in the academic and industrial
settings, for mitigating the attrition rates of herbal drug development and their translata-
bility to human applications. The intrinsic complexities associated with the botanicals
demand the development of novel analytical procedures for reviving their lost translational
capabilities [24]. The development and validation of analytical procedures plays a pivotal
role in discovery, development, and manufacture of pharmaceuticals [25]. Validated test
procedures further verify that the proposed analytical method is accurate and reliable for
the assessment of APIs in a given drug preparation [26].

Examination of complex herbal blends bears several essential issues and significant
challenges. Subsequently the identification and quantification of desired chemical markers
becomes imperative, which further ensures their safety and efficacy [27]. Marker-based
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standardization of medicinal plants is a widely accepted and reliable technique. Ideally,
the markers are selected on the basis of their therapeutic action (active constituent marker).
These components must be stable and most importantly must be present consistently in
the ingredients as well as in their respective formulations [28]. Another relevant criterion
for their selection relies on the ease of isolation, characterization and availability. In this
study, ultra-liquid chromatography coupled to quadruple time of flight (QToF) mass spec-
trometry was used for identification and selection of analytical markers for quality control
of DSV formulation. The technique offers very high resolution and selectivity in terms of
providing abundant mass information, with accurate mass measurements, and, therefore is
quite useful for identifying the target compounds thoroughly [29]. Based on the existing
literature [30] and the analyst’s own expertise, a UPLC/QToF/MS method was developed.
The developed method was utilized to identify seventy-four (74) phyto-metabolites in the
DSV formulation. For example, compound number 1, showed m/z 191.0555 in negative
ionization mode, its respective mass fragmentation pattern was observed to be m/z 173.0445,
m/z 149.0443, m/z 129.0184, m/z 113.0258, m/z 89.0267 which confirmed the presence of
quinic acid (192.0634 Da) with [H-] adduct. Compound number 3 was detected in negative
ionization mode and showed m/z 169.0136, so the compound was confirmed as gallic
acid (170.0215 Da), by its mass fragmentation pattern in which peaks were observed at
m/z 153.0177, m/z 137.0238, m/z 125.0238 with [H-] adduct. Likewise, seventy four com-
pounds were identified and confirmed in the formulation on the basis of their accurate
mass screening and fragmentation patterns as depicted in Table 2. Figures S3 and S4.
Eleven markers—gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin,
cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin— were selected out
of seventy four identified compounds. The strategies behind the selection of the targeted
eleven markers were based on their availability, therapeutic activity and abundancy in a
particular medicinal plant component. Moreover, an extensive literature search also helped
in the selection of marker analytes, symbolic of a particular herb in the DSV formulation.
The chief sweet-tasting triterpenoidal saponin of licorice, glycyrrhizin, represents 10% of
the licorice root and glabridin, the chief isoflavone identified is found in the range of 0.08%
and 0.35% [31]. Eugenol, the chief essential oil component (≈ 89%) is considered to be
emblematic of clove [32]. Aerial parts of Cressa cretica are found to be rich in coumarins [10].
Phytochemical characterization of Anacylus pyrethrum showed the presence of cinnamic
acid [33]. 6-Gingerol, the main bioactive component of ginger, was quantified and found
to be 60.44 ± 2.53 mg/g of ginger extract [34]. Galls of Pistacia integerrima are reported to
be rich in polyphenolics, i.e., gallic acid [35]. Chemical characterization of Cinnamomum
zeylamicum bark revealed the presence of eugenol in appreciable amounts [36]. Besides,
the herbal components, DSV formulation also contains seven different bhasma (Table 1).
These are unique Ayurvedic herbo-mineral preparations, which are added to a formu-
lation to provide optimal alkalinity, by neutralization of the harmful acids in the body.
Moreover, these preparations are considered to be efficacious and non-toxic in nature [37].
Therapeutic efficacies of Tankan and Sphatika bhasma against diseases of the throat and
palate are well documented [38]. Kapardak bhasma, Abhraka bhasma, Godanti bhasma
and Mukta shukti bhasma are reported to have potential anti-inflammatory potential [14].
Praval pishti, processed coral calcium, is imbued with anti-inflammatory properties, more-
over the preparation also confers benefits against coughs and related ailments [39]. Thus,
the anti-inflammatory potentials of the herbo-mineral elements of the formulation might be
beneficial to provide symptomatic relief in the current SARS-CoV-2 infectivity. It is worth
mentioning that since the bhasma are inorganic compounds they exhibit poor solubility in
the organic solvent methanol. Hence, these herbo-mineral preparations are not expected to
hinder the current analytical strategy.

HPLC is a versatile, precise and foremost favored method among the accessible
chromatographic strategies for herbal analysis [40]. HPLC frameworks hyphenated with a
spectroscopic detector gives a readier data of the analytes present in a sample. [41]. Thus,
chemical astuteness of DSV was investigated utilizing a validated HPLC procedure.
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An analytical strategy can certainly be titled paramount which is capable of providing
reliable, consistent and precise information, when performed by diverse investigators in
different research environments. Optimization is much sought after for the accomplishment
of consistent and repeatable outcomes. Validation plays an imperative part in fulfilling
this objective [42]. Development of the HPLC method, constituted of several trial and
error procedures for selection of a suitable mobile phase. Moreover, pharmacoepial and
FDA requirements to achieve optimum resolution and specificity of the targeted analytes
were also taken into consideration [43,44]. A few solvent compositions appeared to give
longer run times, and some of them were incapable of resolving the targeted analytes at
the same time. Finally, the best resolution of all the marker components was achieved
using 0.1% orthophosphoric acid in water adjusted to pH 2.5 with diethylamine (solvent
A) and 0.1% orthophosphoric acid in acetonitrile: water (88:12) adjusted to pH 2.5 (solvent
B) with a gradient elution program. Chromatographic quality and analysis time is strongly
dependent on the flow rate of the mobile phase passing through the column in unit time.
The chromatograms, acquired with a flow rate of 1 mL/min appeared to give convincing
partition of the analytes. Pronounced analytical outcomes are accomplished with the proper
selection of wavelength. For that, it is exceptionally imperative to assess the absorption
spectra of the compound intrigued. The wavelengths for the individual compounds were
selected based on their λmax as depicted in Figure 2. Notably, piperine shows an absorption
maximum at 340 nm, but for the simplicity of the developed HPLC method we preferred
to quantify the same at 278 nm. A good peak resolution relies on the choice of a suitable
column. The best resolution of the targeted analytes was accomplished by employing a
Shodex C18-4E (5 µm, 4.6 mm × 250 mm) column maintained at 35 ◦C and subjected to
binary gradient elution.

Validation methods are established documented proofs that assure that the conditions
selected for the strategy will reliably deliver consistent results. In addition, validation also
considers the danger related with the components of a methodologically developed proce-
dures by evaluating if the strategy is reproducible and scientifically sound [45]. These docu-
mented evidences further build certainty for the usage of the method. Thus, the developed
HPLC method for the targeted analytes, gallic acid, protocatechuic acid, methyl gallate,
ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and
glabridin were validated as per the ICH guidelines [20].

Specificity is the foremost essential parameter of any analytical procedure. It alludes
to its capacity to produce a signal solely due to the analyte, in the presence of hindrances
such as excipients, enantiomers and degradation products that are suspected to be present
in the test framework [20]. The test should segregate the desired peak of analyte from
other peaks of chromatogram. In this study, no peak was recognized near the retention
times of the targeted analytes in standard solution when compared with a solvent blank.
Thus, the developed HPLC method is specific for the determination of the targeted ana-
lytes in the tested DSV formulation. Limit of detection (LOD) and limit of quantification
(LOQ) are the two vital performance characteristics in method validation. [20]. Signal to
noise (S/N) is one of the classical methodologies for the determination of the above two
important parameters. The concentration having signal to noise ratio 3:1 is referred as
LOD and 10:1 as LOQ. The validation results revealed that the LOD and LOQ values for
the targeted analytes were within the permissible limits, indicating the sensitivity of the
developed analytical method. The linearity of an analytical method can be explained as
its capability to show that the obtained test results are directly proportional to the analyte
concentration within a given range. Correlation coefficient (r2) of 0.99 is an indicative of
the linearity [20]. For HPLC, the calibration curves of all the targeted analytes exhibited
good linear relationship r2 > 0.99. The residual analysis was performed on the individual
targeted analytes (Table S1). The smaller residual sum of square (RSS) values in com-
parison to the regression sum of squares further confirmed that the values obtained by
plotting response vs concentration are linear [46]. Thus the proposed method is in the
accordance with the ICH guidelines and appropriate for the simultaneous quantification
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of the desired signature compounds. The precision studies were conducted at two levels,
repeatability (intraday precision), which signifies the precision under the same operating
conditions over a short interval of time and intermediate precision (interday precision)
which represents the precision on different days. [20]. The obtained RSD values of all the
targeted analytes were found to be less than 2%, confirming that the developed method
is sufficiently precise. The recovery refers to the percentage of the concentration of the
targeted analyte in a sample [20]. The percentage recoveries of all the targeted analytes
at the three different concentrations ranged from 92.75 to 100.13% demonstrating their
good recovery. The results provided evidence that established HPLC–DAD method is
accurate for simultaneous estimations of gallic acid, protocatechuic acid, methyl gallate,
ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and
glabridin in DSV. The operational components in a research area tend to vary within a
realistic range. Robustness studies aim to examine the influence of the potential sources
of variations such as, flow rate and column temperature in the responses of the method.
The robustness of an analytical strategy is the degree of its capacity to stay unaffected
by small but deliberate variations in the method parameters, likely to happen amid the
routine usage [20]. %RSD of all the eighteen determinations were found to be within the
prescribed limits according to the ICH guidelines indicating the robustness of the method.
Rugged strategies are the one that endures minor variation in test conditions, can be run
effectively by any regular chromatographer, and does not essentially requires identical
HPLC system for its use. Rugged methods are essentially trouble free and transferable [20].
The results indicated that %RSD of targeted analytes were within permissible range (NMT
10%) which indicated the ruggedness of the developed HPLC method.

The developed and validated HPLC–DAD method was further applied for the simul-
taneous estimation of gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin,
cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin in five different
batches of DSV. Differences in the climatic as well as growing conditions of herbs often
leads to the variability in the detected quantity of the secondary metabolites. For this
quality assessment of the herbals utilizing a single marker is considered as a very vague ap-
proach. Thus, for qualitative check of botanicals, choice of multiple markers becomes rather
vital. Hence, we confirm that the proposed analytical strategy is adequate, validated and
pertinent for the quality control of DSV formulation.

4. Materials and Methods
4.1. Chemicals, Reagents and Samples

The AR grade solvents, toluene, ethyl acetate, formic acid, acetic acid and methanol
(HPLC grade) were procured from Merck (Darmstad, Germany), acetonitrile from Hon-
eywell (Dusseldorf , Germany) and deionized water was obtained from a Milli Q sys-
tem (Millipore, Billerica, MA, USA). Authentic standards of gallic acid (Cat No. 91215,
Sigma Aldrich, St. Louis, MO, USA), protocatechuic acid (Cat No. P006, Natural Remedies,
Bangalore, Karnataka, India), coumarin (Cat No. C4261, Sigma Aldrich, St. Louis, MO,
USA), cinnamic acid (Cat No. 29955, Sisco Research Lab, Mumbai, Maharashtra, India),
eugenol (Cat No. 35995, Sigma Aldrich, St. Louis, MO, USA), 6-gingerol (Cat No. 11707,
Cayman Chemical, Ann Arbor, MI, USA), piperine (Cat No. P49007-5G, Sigma Aldrich, St.
Louis, MO, USA), glabridin (Cat No. G005, Natural Remedies, Bangalore, Karnataka, In-
dia), ellagic acid (Cat No. E2250, Cayman Chemical, Ann Arbor, MI, USA) and glycyrrhizin
(Cat No. G008, Natural Remedies, Bangalore, Karnataka, India) were used for the analysis.
Samples from five different batches of Divya-Swasari-Vati, (#B SWV117, #B SWV084, #A
SWV023, #A SWV102 and #B SWV239) were used for the chemical analysis. DSV samples
were sourced from Divya Pharmacy (Haridwar, India) and were stored in airtight bottles
for further use.
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4.2. Analytical Investigations
4.2.1. UPLC/QToF MS Analysis

• Preparation of DSV sample solution:

10 mL of methanol:water (80:20) was added to about 100 mg of powdered DSV sample
and sonicated for 15 min. The sonicated solution was then centrifuged for 5 min at 5000 rpm
and filtered using 0.22 µm nylon filter. The filtered DSV solution was further used for
the analysis.

• Instrumentation

Analysis was performed on a Xevo G2-XS QToF with Acquity UPLC-I Class and Unifi
software (Waters Corporation, Milford, MA, USA). The main working parameters for mass
spectrometry were set as follows, ionization type-ESI, mode-MSE, acquisition time-56 min,
mass range (m/z)—50–1200 m/z, low collision energy—6 eV, high collision energy—20–40 eV
(ramp), cone voltage—40 V, capillary voltage—1.5 kV (for positive mode), 2 kV (for negative
mode), source temperature—120 ◦C, desolvation temperature—500 ◦C, cone gas flow—
50 L/h, desolvation gas flow—900 L/h. Mass was corrected during acquisition, using an
external reference (Lock–Spray) consisting of 0.2 ng/mL solution of leucine enkephalin
infused at a flow rate of 10 µL/min via a lock–spray interface, generating a reference ion
for the positive ion mode [(M + H)+ m/z 556.2766] and for the negative ion mode [(M −
H)− m/z 554.2620] to ensure mass correction during the MS analysis. The lock–spray scan
time was set at 0.25 s with an interval of 30 s. The elution was carried out at a flow rate
of 0.3 mL/min using gradient elution of mobile phase 0.1% formic acid in water (mobile
phase A) and 0.1 % formic acid in acetonitrile (mobile phase B). The volume ratio of solvent
B was changed as follows, 5–10% B for 0–5 min, 10–30% B for 5–15 min, 30–55% B for
15–25 min, 55–70% B for 25–40 min, 70–80% B for 40–50 min, 80–85% B for 50–55 min,
85–5% B for 55–56 min, 5% B for 56–60 min. A total of 2 µL of the test solution was injected
for the screening and the chromatograph was recorded for 56 min.

• Identification of marker components in DSV

Compounds were analyzed by their respective mass to charge ratio and fragmenta-
tion pattern. Mass/charge (m/z) ratio was selected based on the molecular ions of these
compounds. Data acquisitions were collected under both positive (+ve) and negative (−ve)
modes of ionization using full spectrum scan analysis. Further, the identified components
were grouped in according to their optimum determination in each ionization mode.

4.2.2. HPLC–DAD Method Development and Optimization

• Preparation of standard solution:

Stock solutions of gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin,
cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin (1000 ppm) were
prepared by dissolving accurately weighed standards in methanol. The stock solutions
were mixed and diluted with methanol: water (80:20) to prepare the appropriate concentra-
tions (50 ppm) for working standard solutions.

• Preparation of DSV sample solution

Samples of 0.5 g of powdered DSV from batches #B SWV117, #B SWV084, #A SWV023,
#A SWV102 and #B SWV239 were diluted with 10 mL water:methanol (20:80) and sonicated
for 30 min. The sonicated solution was centrifuged for 5 min at 10,000 rpm and filtered
through 0.45 µm nylon filter (Test solution) and used for the analysis of protocatechuic
acid, coumarin, cinnamic acid, 6-gingerol and glabridin. Solution A was further diluted up
to 10 times with the same solvent and used for the analysis of gallic acid, methyl gallate,
eugenol, piperine, ellagic acid and glycyrrhizin.

• Instrumentation and chromatographic conditions

Analysis was performed on HPLC equipment, Prominence-i LC-2030c 3D Plus (Shi-
madzu Corporation, Kyoto, Japan). Three different reversed phase columns, Shodex C18-4E
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(5 µm, 4.6 mm× 250 mm) column, Shim pack GIST-HP C18 (3 µm, 4 mm× 150 mm) col-
umn, Shim pack GIST-HP C18 (5 µm, 4.6 mm × 250 mm) column were evaluated during
chromatographic optimization. Separation was achieved using a Shodex C18-4E (5 µm,
4.6 mm × 250 mm) column. Different mobile phase, including methanol–0.1% glacial acetic
acid in water, acetonitrile–0.1% acetic acid in water, methanol–0.1% orthophosphoric acid
in water, acetonitrile–0.1% phosphoric acid in water, and acetonitrile–0.2% formic acid,
were tried, at different pH of the mobile phase were tried. Finally, the elution was carried
out using binary gradient mode using the mobile phase composed of 0.1% orthophosphoric
acid in water (pH 2.5) and diethylamine (solvent A) and 0.1% orthophosphoric acid in
acetonitrile: water (88:12) (solvent B) in binary gradient mode. The volume ratio of solvent
B was changed as follows, 5–10% B for 0–10 min, 10–35% B for 10–30 min, 35–50% B
for 30–40 min, 50–75% B for 40–50 min, 75% B for 50–55 min, 75–85% B for 55–60 min,
85–5% B for 65–66 min, 5% B for 66–70 min. The effluent from the column was detected
by a diode array detector and the detection wavelength was set at 278 nm for gallic acid,
methyl gallate, protocatechuic acid, coumarin, cinnamic acid, eugenol, 6-gingerol, piperine
and glabridin, whereas for ellagic acid and glycyrrhizin, the detection was carried out at
250 nm. The temperature of the column was kept at 35 ◦C and the sample injection volume
was 10 µL. The method was optimized using a suitable solvent system and monitoring
suitable wavelength for separation of components with the highest sensitivity. Other pa-
rameters with optimized injection volume, flow rate and column temperature were used
for maximum resolution and short analysis time.

4.3. Method Validation

Eleven marker components, namely gallic acid, protocatechuic acid, methyl gallate,
ellagic acid, coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and
glabridin were validated using HPLC in DSV sample as per the recommendations of In-
ternational Council on Harmonization (ICH) guidelines [20]. Specificity of an analytical
procedure refers to its ability to unequivocally assess an analyte in the presence of the
other components which may be expected to be present [20]. The specificity of the HPLC
method was evaluated to ensure that there was no interference between the solvent blank
and standard solution. The specificity was studied by injecting 10 µL solutions of blank at
278 nm and 250 nm respectively. The linearity of an analytical procedure is an important
parameter which signifies to its ability to produce the test results that are directly propor-
tional to the concentration of an analyte in a given concentration range [20]. To evaluate the
linearity and range of the developed method eleven different standard solutions for each
of the targeted analytes were prepared in different concentration ranges (0.15–100 µg/g)
by diluting the stock solutions with methanol. The calibration curves were constructed
by plotting the peak area of standards versus respective concentrations. The degree of
linearity was estimated by calculating correlation coefficient, using the calibration curve.
The limit of detection (LOD) is described as the lowest concentration of the analyte in
a sample which can be reliably detected but not necessarily quantitated by a particular
analytical method. Whereas, the limit of quantification (LOQ) is considered as the lowest
concentration of the analyte which can be quantitatively determined with suitable precision
and accuracy [20]. LOD and LOQ of each marker component were determined based on
signal-to-noise method (S/N ratio). S/N ratio for LOD was performed by injecting 6 repli-
cates of minimum concentration at which the component was reliably detected, similarly
LOQ was performed by injecting six replicates of a concentration at which the analyte can
be reliably quantified. Moreover, the limit of peak area %RSD for LOD and LOQ was set at
NMT 33% and NMT 10% respectively. The parameter precision expresses the degree of
scatter between a series of measurements obtained from a multiple sampling of the homo-
geneous sample [20]. The intraday (repeatability) and interday (intermediate precision)
precision (n = 6) was evaluated by calculating the relative standard deviation (%RSD) with
accuracy in the quantification of the sample set. Accuracy of an analytical procedure refers
to the closeness of the agreement between the value which is true and the experimental
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value [20]. The accuracy of the developed method was thoroughly evaluated by recovery
studies. Analytical recovery was performed by spiking DSV sample with the reference
standards at known concentration levels, such as 80%, 100% and 120% as per the area ratio
method. Recoveries at three different concentrations were thus calculated. Robustness of
the method provides an indication of its reliability during normal usage [20]. Robustness
of method performance was verified by incorporating small intentional changes in the
experimental parameters for example column temperature, and flow rate. Obtained data
for each case was evaluated by calculating %RSD. Ruggedness of the current method was
confirmed by testing the reproducibility of the test results under the variation in operational
conditions by different analysts on different days to assure for any changes in the result.
The percentage RSD for the retention area was calculated.

4.4. Quantitative Analysis of Targeted Analytes in Five Different Batches of DSV

For assuring the reliability of the developed and validated method quantitative analysis
of gallic acid, protocatechuic acid, methyl gallate, ellagic acid, coumarin, cinnamic acid,
glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin was carried out in different batches
of DSV. Quantitative analysis of particular targeted analyte was carried out against its reference
standard by calculating area under the peak of analyte, in HPLC chromatogram.

4.5. Data Analysis

Statistical analyses were performed using Graph Pad Prism 7.0 (GraphPad Software,
Inc., San Diego, CA, USA). Characterization of the marker analytes was performed using
the Unifi software (Waters Corporation).

5. Conclusions

The analysis and quality control of traditional herbal medicines is heading in the
direction of extensive and comprehensive research for uncovering their inalienable com-
plexities. The present inventive research is an attempt to outline the applicability of two
state-of-art chromatographic techniques, UPLC/QToF MS and HPLC–DAD on the quality
of the calcio-herbal formulation Divya-Swasari-Vati (DSV). Seventy four phytometabolites
were identified in the formulation using UPLC/QToF MS. Further, the simultaneous analy-
sis of the selected markers—gallic acid, protocatechuic acid, methyl gallate, ellagic acid,
coumarin, cinnamic acid, glycyrrhizin, eugenol, 6-gingerol, piperine and glabridin—in five
different batches of DSV was carried out using the novel validated HPLC method. The es-
tablished method was rapid, simple and reliable for simultaneous quantitative estimation
of eleven marker components in Divya-Swasari-Vati. These outcomes may also assist in
analysis of other extracts and formulations, having similar marker profiles.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ph14040297/s1, Figure S1: Chromatograph of blank solution and standard mixture solution,
Figure S2: Regression equation and correlation coefficient, Figure S3: Mass fragment pattern of the
characterized fifty-nine compounds in Divya-Swasari-Vati (DSV) as observed in positive ionization
mode, Figure S4: Mass fragment pattern of the characterized forty-five compounds in Divya-Swasari-
Vati (DSV) as observed in negative ionization mode, Table S1: Residual sum of square (RSS) analysis
of the targeted analytes.
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Abstract: In this study, the methanolic extract from seeds of Gardenia jasminoides exhibited strong
antioxidant and enzyme inhibition activities with less toxicity to NIH3T3 and HepG2 cells at the con-
centration of 100 µg/mL. The antioxidant activities (DPPH and ABTS), α-amylase, and α-glucosidase
inhibition activities were found higher in methanolic extract (MeOH-E) than H2O extract. Besides,
9.82 ± 0.62 µg and 6.42 ± 0.26 µg of MeOH-E were equivalent to 1 µg ascorbic acid for ABTS and
DPPH scavenging, respectively while 9.02 ± 0.25 µg and 6.52 ± 0.15 µg of MeOH-E were equivalent
to 1 µg of acarbose for inhibition of α-amylase and α-glucosidase respectively. Moreover, the cell
assay revealed that the addition of MeOH-E (12.5 µg/mL) increased about 37% of glucose uptake
in insulin resistant (IR) HepG2 as compared to untreated IR HepG2 cells. The LC- MS/MS and
GC-MS analysis of MeOH-E revealed a total of 54 compounds including terpenoids, glycosides, fatty
acid, phenolic acid derivatives. Among the identified compounds, chlorogenic acid and jasminoside
A were found promising for anti-diabetic activity revealed by molecular docking study and these
molecules are deserving further purification and molecular analysis.

Keywords: Gardenia jasminoides Ellis; anti-diabetic activity; LC-MS/MS; GC-MS; anti-oxidant

1. Introduction

Diabetes mellitus (DM) is a commonly detected chronic disorder causing major mortal-
ity worldwide. The progression of diabetes in the global population was reported as 9.3%
by 2019 and projected to increase about 10.2% by 2030 and 10.9% by 2045 [1]. Metabolic
malfunctions such as high elevation of the blood sugar (glucose) levels, oxidative stress
and abnormal protein and lipid metabolism all lead to DM [2]. DM is categorized into
two types: insulin-dependent type-1 diabetes (T1DM) and non-insulin-dependent type-2
diabetes (T2DM) [3]. Diabetic patients who are not able to secrete insulin are characterized
as T1DM [4], while patients with insulin deficiency or insulin resistance in the human
metabolic system, less insulin sensitivity or signaling in the liver, skeletal muscles, and
adipose tissue are characterized as T2DM [5,6]. The prolonged diabetic symptoms (hyper-
glycemia, polyphagia, polydipsia, and insulin resistance) trigger multiple disorders such
as cardiovascular diseases, renal failure, coronary artery, neurological complications, pre-
mature death, and limb amputation [7,8]. The diabetes incidence is higher in urban areas
than in rural areas. Up 50% of people do not know that they are affected by diabetes [1].

Enzymes such as α-amylase and α-glucosidase play a vital role in carbohydrate
metabolism. α-Amylase catalyzes the conversion of starch into glucose, while α-glucosidase
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regulates the p53 signaling pathway and the cleavage of glucose from disaccharides [9,10].
Therefore, the intake of foods rich in enzyme (α-amylase and α-glucosidase) inhibitors
can beneficially reduce the risk of T2DM. However, some commercially available enzyme
inhibitor show side effects. For example, miglitol, voglibose, and acarbose can induce
diarrhea, bowel disruption, abdominal distress, and these drugs are also not recommended
to patients with gastrointestinal disorders [11]. Therefore, isolation of new α-amylase
and α-glucosidase inhibitors from natural resources with less adverse effects can be con-
sidered as an alternative to existing enzyme inhibitors. α-Amylase and α-glucosidase
inhibitors can be virtually screened using the molecular docking methods. That way an
active imine derivative has been reported for the inhibition of these enzymes by targeting
the human lysosomal acid-α-glucosidase (PDB: 5NN8) and human pancreatic α-amylase
(PDB: 5E0F) [12].

Worldwide about 80% of people use herbal medicines to cure various diseases [13].
Herbal medicines have also received attention in diabetes healthcare. The investigation
and isolation of novel compounds from indigenous herbal plants to cure diseases can
expand the economic value of the traditional herbal industry. G. jasminoides is a shrub
belonging to the Rubiaceae family and its metabolites have been proved to possess a variety
of ethnopharmacological properties [14]. Traditionally G. jasminoides has been used as folk
medicine, as a functional food and a food colorant in Asian countries [15]. The pigments
produced from the ripe fruits of this plant have been used as a natural food colorant. The
metabolites of G. jasminoides is used as a traditional natural medicine as a diuretic and to
cure hemostasis, hypotension (low blood pressure) and to increase blood circulation [14].
Moreover, the pigments are not only used as a food colorant but also applied as beneficial
health-promoting agents [16]. The compounds from G. jasminoides display promising
pharmacological activities that are reviewed in earlier literature [14,17]. For instance,
genipin, geniposide, crocin and crocetin isolated from G. jasminoides possess antidepressant,
antidiabetes, antioxidant and antihypertensive activities [18–21], which has prompted
additional studies to screen and identify metabolites active against T2DM. Therefore, the
present study was aimed at investigating the metabolite profile of MeOH-E of G. jasminoides
by LC-MS/MS, GC-MS and screen its anti-diabetic, and anti-oxidant effects using in vitro
cytotoxicity, antioxidant, and enzyme inhibitory assays.

2. Results and Discussion
2.1. Yield, Total Phenol and Total Flavonoids Contents

The yield of different solvent extracts of seed powder of G. jasminoides was found to be
2.45% (w/w) and 1.58% (w/w) for methanol extract (MeOH-E) and water extract (H2O-E),
respectively (Table 1). The total phenol and flavonoids are major constituents in secondary
metabolites of the plant extracts and they play a vital role in the biological properties of
plants [22]. The bioactivities of the plant extracts are strongly correlated with the content of
total flavonoids and phenolic substances. The G. jasminoides-derived pigments are shown
to have anti-inflammatory, antioxidant, antibacterial activities with bio-health promoting
properties by preventing various disorders [14]. Therefore, the content of total phenol
(TPC) and total flavonoids (TFC) in MeOH-E and H2O-E was determined and the results
are expressed as tannic acid equivalents (TAEs) for TPC while the TFC is presented as
quercetin equivalents (QEs). For TPC, 769.47 ± 3.74 µg and 632.15 ± 1.25 µg of tannic
acid equivalents to one gram of MeOH-E and H2O-E, where the TFC 487.54 ± 1.19 µg
and 347.00 ± 2.49 µg of quercetin equivalents to one gram of MeOH-E and H2O-E,
respectively (Table 1).
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Table 1. Total Yield, Total Phenol, and Total Flavonoids Contents in Water (H2O-E) and Methanol
Extracts (MeOH-E) of Seed Powder of the G. jasminoides Ellis.

Samples Yield of the Extract (%) Total Phenol (µg of
TAE/g of Extract)

Total Flavonoids (µg of
QE/g of Extract

MeOH-E 2.45 b 769.47 ± 3.74 b 487.54 ± 1.19 b

H2O-E 1.58 a 632.15 ± 1.25 a 347.00 ± 2.49 a

MeOH-E: Methanolic extract, H2O-E: Water extract, the results presented mean ±SE, tannic acid
equivalent (TAE), quercetin equivalent (QE). The different superscript values indicated the signifi-
cance among the type of extracts (p < 0.05).

2.2. Antioxidant Activities

Oxidative stress is a major primary cause of various health disorders. Therefore,
screening of antioxidants from plant extracts can be a prime way to isolate novel compound
against various chronic and metabolic disorders. 1,2-Diphenyl-1-picrylhydrazyl (DPPH)
is a stable free radical known to have a purple color with a strong absorption peak at
517 nm. Antioxidants can scavenge the DPPH by donating electrons [23]. (2,2′-Azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS+) is a commonly used free
radical for antioxidant assays. Mixing of ABTS and potassium persulfate produces the free
radical form of the ABTS+ which can be scavenged by the addition of synthetic or natural
antioxidants [23]. The antioxidant activities of the DPPH and ABTS+ varied significantly
between the H2O-E and MeOH-E (p < 0.05). Among the samples, the free radical scavenging
activity was found higher in MeOH-E than H2O-E in a dose-dependent manner. The free
radical scavenging activity of these extracts was compared with a standard to obtain the
ascorbic acid equivalents (AAEs). The results revealed that 9.82 ± 0.62 µg of MeOH-E
and 13.20 ± 1.25 µg of H2O-E were equivalent to 1 µg AAEs for ABTS scavenging. It
also varied for the DPPH scavenging with the values of 6.42 ± 0.26 µg for MeOH-E and
9.22 ± 0.81 µg for H2O-E, which were equivalent to 1 µg of ascorbic acid (Table 2). Further,
the IC50 concentration was found to be 120.5 ± 1.09 µg/mL and 262.5 ± 0.18 µg/mL
for MeOH-E and H2O-E, respectively, for the ABTS+ radical scavenging (Table 2). In
the case of DPPH radical scavenging, the IC50 was found to be 274.9 ± 1.42 µg/mL
and 573.1 ± 0.85 µg/mL for MeOH-E and H2O-E, respectively (Table 2). Similarly, the
methanol extract of G. volkensii reportedly shows a moderate DPPH scavenging activity [23].
Moreover, an earlier work reported that the water extract of G. jasminoides shows a higher
DPPH and ABTS+ scavenging activity than the ethanol extract. It is also observed from
earlier study that the water extract of G. jasminoides exhibited the IC50 values of 0.14 and
0.21 mg/mL for DPPH and ABTS + scavenging activities respectively [24]. This result
indicates a variation between the present work and earlier work for IC50 of H2O-E, probably
due to the differences in the extraction method and sample collection location. The present
results indicated that the antioxidant activity was higher in MeOH-E than that in H2O-E
due to a higher total phenolic and flavonoids content [25]. The present work also found a
similar relationship between antioxidant activity and total phenol content of MeOH-E and
H2O-E, which is in accordance with earlier works [23,25].

Table 2. Antioxidant and Diabetes-Related Enzyme Inhibitory Activities of Water (H2O-E) and Methanol Extracts (MeOH-E)
of Seed Powder of the G. jasminoides.

Samples
Inhibition Concentration (IC50:µg.mL−1) Activity (µg Extract/µg AAEs) Activity (µg Extract/µg ACEs)

ABTS Radical DPPH Radical α-Amylase
Inhibition

α-Glucosidase
Inhibition ABTS Radical DPPH Radical α-Amylase

Inhibition
α-Glucosidase

Inhibition

MeOH-E 120.5 ± 1.09 a 274.9 ± 1.42 a 432.05 ± 0.51 a 798.25 ± 0.84 a 9.82 ± 0.62 6.42 ± 0.26 9.02 ± 0.25 6.52 ± 0.15
H2O-E 262.5 ± 0.18 b 573.1 ± 0.85 b 784.02 ± 0.88 b 1052.23 ± 1.25 b 13.20 ± 1.25 9.22 ± 0.81 15.22 ± 0.55 12.52 ± 0.61

MeOH-E: Methanolic extract, H2O-E: Water extract, the results presented mean ±SE, the different superscript in values indicated the
significance among the type of extracts (p < 0.05). IC50 is indicated the concentration required to inhibit the 50% of free radicals or enzymes.
ACEs: Acarbose equivalents, AAEs: ascorbic acid equivalents.
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2.3. Enzyme Inhibitory Activities

The enzymes α-amylase and α-glucosidase are involved in carbohydrate metabolism
in the conversion of simple sugars from polysaccharides or disaccharides and also in
catalyzing the blood glucose level that results in T2DM hyperglycemia [26]. Therefore,
inhibition of these enzymes can control the prevalence of T2DM. Moreover, several studies
also reported that screening of these enzyme inhibitors is crucial for the discovery of
novel diabetes drugs [27,28]. The present work showed the enzyme (α-amylase and
α-glucosidase) inhibitory activity of MeOH-E and H2O-E of seed powder of G. jasminoides
(Table 2). Among the two samples, MeOH-E exhibited higher α-amylase and α-glucosidase
inhibition activities than H2O-E. The 9.02 ± 0.25 µg of MeOH-E and 15.22 ± 0.55 µg of
H2O-E were equivalent to 1 µg of acarbose for α-amylase inhibition activity (Table 2).
In the case of α-glucosidase inhibition, 6.52 ± 0.15 µg of MeOH-E and 12.52 ± 0.61 µg
of H2O-E were found to equivalent to 1 µg of acarbose (Table 2). The IC50 of MeOH-E
were found to be 432.05 ± 0.51 µg/mL and 798.25 ± 0.84 µg/mL for α-amylase and α-
glucosidase inhibition activity respectively (Table 2). Among the two samples, MeOH-E
showed promising activities of antioxidant and α-amylase and α-glucosidase inhibition.
Therefore, MeOH-E was selected further for cell culture experiments.

2.4. Cytotoxicity

The cytotoxic effects of MeOH-E in a mouse fibroblast (NIH3T3) cell line was de-
termined using a WST assay. The results revealed that MeOH-E at the concentration of
≤12.5 µg/mL did not show any cytotoxicity, while that at >25–100 µg/mL exhibited mod-
erate cytotoxicity in the NIH3T3 cell line (Figure 1a). Similarly, the extract of G. jasminoides
is reportedly non-toxic to the normal human MCF-10A cell line [29]. Another mouse model
experiment confirmed that the pigments derived from G. jasminoides are less toxic [30].
Meanwhile, different solvent extracts of G. jasminoides have been reported to have promis-
ing cytotoxicity towards various cancer cells, including cervical cancer cell line (HeLa),
skin malignancy cell line (A375), human non-small cell lung carcinoma cell line (H1299),
and breast cancer cell line (MCF-7) [29,31]. However, to ensure the non-cytotoxicity of the
MeOH-E in the NIH3T3 cell line the present study applied an acridine orange/ethidium
bromide (AO/EB) fluorescent staining assay. This fluorescent method is used to determine
the apoptosis-associated changes in cells based on the nucleus damage [32]. The AO/EB
staining results indicated no apoptosis cells in the control group, and in the cells treated
with 12.5 µg/mL; however, early stage apoptosis cells were observed at 50 µg/mL and
100 µg/mL (Figure 1b). Similarly, the early apoptosis in the osteosarcoma cells was detected
by AO/EB staining as indicated by yellow-green and crescent-shaped cells [32].
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2.5. Effect of MeOH-E on Cell Viability and Glucose Uptake in HepG2 Cell Line

MeOH-E did not display significant cytotoxicity on the Hep2 cell line at the con-
centration of ≤25 µg/mL and only at 100 µg/mL was significant cytotoxicity exhibited
(Figure 2a). This revealed the non-toxicity of MeOH-E in the HepG2 cell line at≤25 µg/mL.
Therefore, the effect of MeOH-E treatment in the glucose metabolism was tested by glu-
cose uptake assay in non-insulin resistant and insulin resistant (IR)-HepG2 cell lines. The
glucose uptake was found to be higher in the non-IR HepG2 cell line than that in the
IR-HepG2 cell line. However, the addition of MeOH-E (12.5 µg/mL) increased ~37% of
glucose uptake in IR-HepG2 as compared to untreated IR HepG2 cell line (Figure 2b). This
experiment also led to the interesting observation that the treatment above 25 µg/mL of
MeOH-E to IR-Hep2 cell line significantly decreased the glucose uptake due to toxicity of
the extract (Figure 2b). This is in accordance with an earlier report on ethyl acetate extract
of Physalis alkekengi in glucose uptake in HepG2 cells [33]. The present work revealed that
the treatment of 12.5 µg/mL was optimal for the increased glucose uptake by the IR-HepG2
cell line.
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Fluorescent Assay

The cytotoxicity of MeOH-E in the HepG2 cell line was measured by fluorescent
AO/EB, rhodamine 123 (Rh123), propidium iodide (PI), and 2′-7′dichlorofluorescin di-
acetate (DCFH-DA) staining assays (Figure 2c–f). The cells were grouped as live cells
(light green), apoptosis cells (fluorescent or yellowish, orange), necrosis cells (red) [34].
The MeOH-E at 25 µg/mL and 100 µg/mL) caused slight cytotoxicity for IR-HepG2 cell
line as evident by pyknosis and congregated chromatin emitting green or yellow and
some red fluorescence while the untreated control cells emitted uniform green fluorescence
(Figure 2c). Rh123 staining is adopted to measure the mitochondrial membrane potential
(MMP) loss in the HepG2 cell line. Rh123 dye effectively stains with rich mmP and loss
of mmP is indicated with the decrease of dye emission [35]. Similarly, the present study
observed that the Rh123 was highly emitted in the HepG2 cell line treated with different
concentrations of MeOH-E and it indicated less toxicity of extracts (Figure 2d). The PI
is an impaired nucleic acid membrane stain used for the detection of dead cells in a cell
population [36,37]. The present study observed no PI-stained cells in the untreated control
group while the treatment of 25 µg/mL and 100 µg/mL of MeOH-E displayed the dead
cells as red-colored (Figure 2e). DCFH-DA staining results indicated that the treatment of
MeOH-E (25 µg/mL) did not cause the ROS mediated cytotoxicity while it exhibited slight
cytotoxicity in the HepG2 cell line (Figure 2f).

2.6. Metabolite Profiling of the MeOH-E of G. jasminoides

To identify the components of the MeOH-E of G. jasminoides, we tentatively identified
them using two major hyphenated techniques: gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography with tandem mass spectrometry (LC-MS/MS), which
cover quite different subsets of metabolites. For instance, GC-MS has a preference for
volatile metabolites covering primary metabolism including organic and amino acids,
sugars, sugar alcohols, and phosphorylated intermediates. In contrast, LC-MS/MS covers
mostly polar compounds predominant in secondary metabolites such as phenolics and
terpenoids [38,39].

2.6.1. Tentative Identification of Compounds by LC-MS/MS

The compounds present in the MeOH-E were tentatively identified using LC-MS/MS
and the TIC chromatogram of metabolic profile of the MeOH-E is shown in the Supplemen-
tary Figure S1. The LC-MS/MS analysis revealed the presence of 39 phytochemicals that
belonging to various subclasses such as phenolic, flavonoids, terpenes, iridoid glycosides,
organic acids, and gardenia carotenoids (Table 3). These compounds were identified based
on the m/z of molecular ion [M–H]− and interpretation of the MS and MS/MS spectra
comparison with the MassLynx V4.1 library (Waters Corporation, Milford, MA, USA).
The compounds were identified using the in-house phytochemical library (UNIFI 1.8;
Waters) [40,41] and previously reported literature [14,42]. Structures of the selected com-
pounds are presented in Figure 3.
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Iridoids

The iridoid glycosides are a group of phytochemicals that is commonly present in var-
ious families of the plant families including Rubaiaceae [43]. According to our LC-MS/MS
analysis, MeOH-E of G. jasminoides (Rubiaceae) exhibited compounds such as geniposidic
acid (m/z 373.11), shanzhiside methyl ester (m/z 405.14), 6β-hydroxygeniposide (m/z
403.12), gardenoside (m/z 403.12), genipin gentiobioside (m/z 549.18), genipin (m/z 225.07),
geniposide (m/z 387.13), coumaroylgenipin gentiobioside (m/z 695.21), and feruloylgenipin
gentiobioside (m/z 725.23). Detailed identification information of these compounds such
as retention time, formula, observed m/z, mass error, response and product ion mass are
listed in Table 3.

Table 3. Metabolite Profiling of Methanolic Extract (MeOH-E) of G. jasminoides by LC-MS/MS Analysis.

Component Name RT
(min) Formula Observed m/z

[M–H]−
Mass Error

(ppm) Response MS/MS Fragmentation (m/z) References

Iridoids

Geniposidic acid 1.04 C16H22O10 373.1142 0.4 6013 193.0507 [44,45]
Shanzhiside methyl ester 1.06 C17H26O11 405.1402 0.0 1994 229.0722, 391.1251 [45]
6β-Hydroxygeniposide 1.43 C17H24O11 403.1249 1.4 273,632 205.0511, 223.0615, 241.0721 [46]
Gardenoside 1.69 C17H24O11 403.1238 0.4 1146 207.0664, 225.0770 [45]
Genipin gentiobioside 1.70 C23H34O15 549.1828 0.4 464,390 207.0664, 225.0770 [45]
Genipin 2.00 C11H14O5 225.0770 0.2 81,760 193.0506, 207.0664 [44,46]
Geniposide 2.00 C17H24O10 387.1300 0.5 1,952,147 207.0664, 225.0770 [45,46]
Coumaroylgenipin gentiobioside 2.81 C32H40O17 695.2191 0.2 301,727 225.0768, 469.1354 [45,46]
Feruloylgenipin gentiobioside 2.89 C33H42O18 725.2300 0.2 108,903 193.0507, 225.0768 [47]
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Table 3. Cont.

Component Name RT
(min) Formula Observed m/z

[M–H]−
Mass Error

(ppm) Response MS/MS Fragmentation (m/z) References

Monoterpenoides

Jasminoside F isomers 1.25 C16H26O9 361.1506 0.5 36,284 137.0975, 181.0872, 199.0973 [45]
Jasminoside D 1.47 C16H26O8 345.1558 1.0 171,766 165.0922, 183.1027 [48]
Jasminoside B 1.66 C16H26O8 345.1599 0.1 37,456 151.0764, 165.0921, 169.0870 [46]
Jasminoside J 1.66 C16H24O7 327.1446 −1.1 2058 151.0764, 165.0921 [49]
Jasminodiol 1.96 C10H16O3 183.1029 0.2 2722 135.0817 [48]
Gardenate A 1.99 C12H18O6 257.1033 0.3 104 225.0770 [50]
Picrocrocinic acid 2.07 C16H26O8 345.1554 −0.1 47,270 165.0921 [45]
Jasminoside H 3.00 C22H36O12 491.2123 −0.3 30,153 167.1076, 323.0976 [46]
Crocusatin C 3.64 C10H16O2 167.1083 0.2 260 137.0973 [45,46,48]
Jasminoside A/E 3.67 C16H26O7 329.1606 0.1 3985 167.1079 [48]
6′-Sinapoyljasminoside C 3.92 C27H34O11 533.2021 −1.4 2024 165.0918, 205.0507 [48]
Methyl dihydrojasmonate 4.36 C13H22O3 225.1495 −0.5 241 181.1596 Pubchem
2-Hydroxyethylgardenamide A 6.69 C13H17NO5 266.1039 0.5 155 - Pubchem

Flavonoids

Rutin 2.28 C27H30O16 609.1464 0.3 16,687 300.0278 [47]
Quercetin-3-O-β-D-
glucopyranoside 2.42 C21H20O12 463.0884 0.2 3003 300.027 [47]

Carotenoids

Crocetin 2.67 C20H24O4 327.1589 −1.3 844 283.1704 [51]
Crocin A 3.95 C44H64O24 975.3707 −0.8 64,605 327.1603, 651.2661 [47,51]

Organic acids and others

Quinic acid 0.81 C7H12O6 191.0563 1.2 85,121 137.0242, 173.0459 [52]
Trimethoxy-O-glucopyranoside 1.08 C15H22O9 391.1249 0.9 54,704 167.0716 Pubchem
4-(2-Hydroxyethyl)-2-
methoxyphenyl
β-D-glucopyranoside

1.37 C15H22O8
[M+COOH]−

375.1298 0.3 2140 151.0763, 167.0713 Pubchem

Caffeoylquinic acid 1.44 C16H18O9 353.0876 −0.5 217 161.0248 [45]
Protocatechuic acid 1.51 C7H6O4 153.0193 −0.2 11,003 109.0294 [45]
Chlorogenic acid 1.70 C16H18O9 353.0878 0.0 4552 161.0248, 191.0562 [46,48]
Dicaffeoylquinic acid 2.79 C25H24O12 515.1196 0.2 6085 179.0350, 191.0559 [47]
Linolenic acid 10.53 C18H30O2 277.2174 0.2 1586 - [53,54]
n-Pentadecanal 10.74 C15H30O 225.2217 −1.3 4866 - [53]
Linoleic acid 11.60 C18H32O2 279.233 0.2 162,838 - [54]
Acetylursolic acid 12.71 C32H50O4 497.3634 −0.5 3297 - Pubchem
Palmitic acid 12.72 C16H32O2 255.2331 0.6 10,687 - [53,54]
Ethyl palmitate 12.96 C18H34O2 281.2488 0.8 38,097 - [53]

Monoterpenoids

The monoterpenes, whether linear (acyclic) or containing rings (bicyclic and mono-
cyclic), belons to a class of terpenes that possess remarkable applications in the food and
pharmaceutical industries [55]. G. jasminoides was reported to be a rich source of monoter-
penoids and a total of 26 monoterpenoids have been reported from G. jasminoides [56–60].
The present study identified a total of 13 monoterpenoids from MeOH-E of G. jasminoides
based on the deprotonated molecular ions observed in the LC-MS/MS analysis. The
formulas of identified compounds were as follows: C10H16O2 (m/z 167.1083), C10H16O3
(m/z 183.1029), C12H18O6 (m/z 257.1033), C13H17NO5 (m/z 266.1039), C13H22O3 (m/z
225.1495), C16H24O7 (m/z 327.1446), C16H26O7 (m/z 329.1606), C16H26O8 (m/z 345.1599),
C16H26O9 (m/z 361.1506), C22H36O12 (m/z 491.2123) and C27H34O11 (m/z 533.2021). The
compound names, MS/MS fragmentation patterns, retention times as well as response
factors corresponding to each chemical are described in Table 3.

Flavonoids

Flavonoids are a major group of molecules present in the plants with rich bioactiv-
ities including antioxidant, anti-diabetes, and anticancer properties. According to the
earlier literature, a total of 22 flavonoids has been reported from the various extracts of
G. jasminoides [14]. Similarly, the present study had identified compounds such as rutin
(C27H30O16) and quercetin-3-O-β-D-glucopyranoside (C21H20O12) with MS/MS fragmenta-
tion of quercetin, aglycone of those two previously mentioned compounds, at m/z 300.0278
[M–rutinoside]− and 300.0275 [M–Glc]−, respectively (Table 3, Figure 4).
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Carotenoids

The carotenoids are a major constituent of the G. jasminoides, which is composed
of carotenoids and similar compounds [61]. These compounds are used as food col-
orants as well as bioactive food additives. Based on the peaks observed from the LC-
QTOF MS/MS analysis of MeOH-E, crocetin and crocin A were identified by their cor-
responding MS/MS fragmentats at m/z 283.1704 [M–COOH]− for crocetin and 651.2661
[M–H–gentiobioside+H2O]− and 327.1603 [M–H–gentiobioside ∗ 2+H2O ∗ 2]− for crocin A
(Table 3, Figure 4). Similarly, these compounds were reported from the flower and fruit of
this plant [62,63].

Organic Acids and Others

According to the earlier research reports, a total of 30 organic acids with various bioactive
properties, including phenolic acids and fatty acids can be isolated from G. jasminoides [14].
Similarly, the present study has identified a total of 13 organic acids and others from MeOH-E
of G. jasminoides based on LC-MS/MS of deprotonated observed mass and its MS/MS frag-
mentation. The compounds were identified as chlorogenic acid (C16H18O9), caffeoylquinic
acid (C16H18O9), dicaffeoylquinic acid (C25H24O12), protocatechuic acid (C7H6O4), quinic
acid (C7H12O6), 2,4,6-trimethoxy-1-O-glucopyranoside (C15H22O9), 4-(2-hydroxyethyl)-2-
methoxyphenyl β-D-glucopyranoside (C15H22O8), linolenic acid (C18H30O2), n-pentadecanal
(C15H30O), linoleic acid (C18H32O2), acetylursolic acid (C32H50O4), palmitic acid (C16H32O2),
and ethyl palmitate (C18H34O2). Further detailed identification information is shown in
Table 3.

2.6.2. Tentative Identification of the Compounds by GC-MS

GC-MS analysis evidenced the presence of fifteen volatile compounds classified into
organic acids and their derivatives including fatty acids and phenolic acids in MeOH-E
of G. jasminoides based on the electronic library, W8N05ST.L (Supplementary Table S1).
The major compounds were found to be (9Z,12Z)-octadeca-9,12-dienoic acid (69.43%),
hexadecanoic acid (16.09%), octadecanoic acid (8.32%), thymine (0.22%), 3,5-dihydroxy-
6-methyl-2,3-dihydro-4H-pyran-4-one (0.26%), 3-carene (0.89%), 2-methylphenoxyacetic
acid (0.49%), 2-amino-3-hydroxybenzoic acid (0.43%), 2,6-dimethyl-3-(methoxymethyl)-
p-benzoquinone (0.60%), tetradecanoic acid (0.08%), methyl palmitate (0.20%), methyl
linoleate (1.07%), methyl elaidate (0.55%), squalene (0.78%) and vitamin E (0.36%). Some
of these compounds are known for promising antioxidant, antibacterial, and anticancer
activities [64,65].

2.7. In Silico Screening of Enzyme Inhibitors
2.7.1. Protein and Ligand Preparation

The protein and ligand were prepared according to the methods described earlier [12].
The protein molecular dock preparation was done using the AutoDock vina after the
removal of the water molecules. Further, the ligand was selected for the molecular docking
study based on Lipinski’s drug-likeness rules (Supplementary Table S2). The Lipinski’s
indicated five rules, which is favor to select a compound as an orally active agent such
as (i) the molecular weight of the compounds < 500 Da, (ii) hydrogen bond donor < 5,
(iii) hydrogen bond acceptor < 10, (iv) miLogP < 5 and molar refractivity (40–130) [66]. Out
of 33 unique compounds identified from MeOH-E of G. jasminoides by LC-MS/MS (Figure 3)
and GC-MS (Supplementary Figure S2), a total of the 26 compounds were selected for the
molecular docking study based on Lipinski’s rules satisfactory (Supplementary Table S2).

2.7.2. Molecular Docking
Molecular Interaction with α-Amylase

Molecular docking results revealed that all the selected compounds could interact with
α-amylase. Among the compounds screened, jasminoside F, chlorogenic acid, jasminoside
A, and thymine showed a higher docking score against α amylase (Table 4; Figure 5). The
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jasminoside F exhibited the binding affinity score of −8.5 kcal/mol with two hydrogen
bond interactions with amino acid residues of His 299 and Gln63 in α amylase (Figure 5a).
Chlorogenic acid showed the binding affinity score of -8.7 kcal/mol by interacting with
amino acid residues of Arg421, Gly403, Arg398, Ser289 through six hydrogen bond interac-
tions in α amylase (Figure 5b). Jasminoside A displayed a strong binding affinity score of
−8.7 kcal/mol on α-amylase through interacting its amino acid residues of Arg195, His299
via two hydrogen bonds (Figure 5c).

Table 4. Molecular Docking Analysis Catalytic Activity of Compounds Identified from the Methanolic Extract (MeOH-E) of
G. jasminoides Against Diabetes Related Enzymes of α-Amylase and α-Glucosidase.

S.No Compound α-Amylase α-Glucosidase

No. H
Bonds

H Bond Interacting
Amino Acids

Binding Affinity
(kcal/mol)

No. H
Bonds

H Bond Interacting
Amino Acids

Binding Affinity
(kcal/mol)

1 Quinic acid 3 Arg252 −5.7 4 His623, Leu761,
Val760, Met269 −6.3

2 Jasminoside F 2 His 299, Gln63 −8.5 5 Thr473, Asn476,
Arg102 −7.8

3
4-(2-Hydroxyethyl)-2-
methoxyphenyl
β-D-glucopyranoside

2 His299, Lys200 −6.9 2 Glu759, His490 −7.3

4 Jasminoside D - - 0 - - 0
5 Protocatechuic acid 3 Arg421, Arg398 −5.5 2 Glu654, Ala655 −5.9

6 Jasminoside B 2 His299, Gln63 −7.7 6
Arg102,

Tyr104,Gly241,Arg103,
Asn476

−7.3

7 Jasminoside J - - −8.1 2 Glu762, Leu761 −7.3

8 Chlorogenic acid 6 Arg421,Gly403,Arg398,
Ser289 −8.7 5 Met269, Glu759,

Val760, Tyr266 −8.2

9 Genipin 2 Arg195, His299 −6.6 1 Val760 −6.4

10 Crocusatin C 2 His305, Gln63 −5.9 3 Glu762, Met269,
Leu761 −5.8

11 Jasminoside A 2 Arg195, His299 −8.7 4 Val760, Leu761,
Glu762 −7.8

12 Thymine 6 Gly403, Arg398,
Arg421 −5.3 3 Glu759, Ser757,

Asp753 −5.1

13 3,5-Dihydroxy-6-methyl-2,3-
dihydro-4H-pyran-4-one 4 Ala310, Gly309,

Asn301, Arg346 −5.5 4 Arg317, Met314,
Asn323 −5.1

14 3-Carene - - −5.5 - - −5.3

15 2-Methylphenoxyacetic acid 1 Gln63 −5.6 3 Leu761, Val760,
Glu759 −5.7

16 2-Amino-3-hydroxybenzoic acid 2 His299, Asp197 −5.6 5 Asn323, Leu311,
Met314, Arg317 −5.3

17 2,6-Dimethyl-3-(methoxy-methyl)-
p-benzoquinone 2 His185, Ala128 −5.5 2 Leu761, Met269 −5.5

18 Tetradecanoic acid - - −5.8 - - −5.7
19 Methyl palmitate 2 His299, Asp197 −6.1 1 His301 −6.4
20 Hexadecanoic acid - - −5.8 1 Glu759 −6.2
21 Methyl linoleate 1 Asp197 −6.5 1 Asn430 −6.3
22 Methyl elaidate 1 Asp197 −6.2 1 Asn430 −6.2
23 (9Z,12Z)-Octadeca-9,12-dienoic acid 3 Asn105, Ala106 −6.3 1 Arg491 −6.5
24 Octadecanoic acid 2 Asn105, Ala106 −6.2 1 His580 −6

25 Acarbose derived trisaccharide 11
Thr6, Arg10, Gly9,

Gln7, Gly334, Arg421,
Gln404

−8.3 8
Trp39, Cys40, Ala13,

Pro14, Asp11, Arg237,
Trp179

−8.7

26 Acarbose 3 His299, gln63, Thr163 −8.3 6 Trp39, Cys40, Pro14,
Ala13, Arg237, Asp11 −8.7

The organic compound thymine showed a binding affinity score of −5.3 kcal/mol
against α-amylase by interacting its residues of Gly403, Arg398, Arg421 by six hydrogen
bonds (Figure 5d). Moreover, the positive control of the acarbose derived trisaccharide
exhibited higher hydrogen bonds of 11 and amino acids (Thr6, Arg10, Gly9, Gln7, Gly334,
Arg421, Gln404) interaction with α-amylase with binding affinity score of -8.3 kcal/mol
(Figure 5e) while another control acarbose showed only three hydrogen bonds and amino
acids (His299, gln63, Thr163) interactions with binding affinity score of −8.3 kcal/mol
(Figure 5f). Overall, the results revealed that among the compounds tested, jasminoside
A and chlorogenic acid were found to have the potential to interact with α-amylase with
high binding affinity score than other molecules including positive controls. Similarly,
the compound jasminoside is known for tyrosinase inhibition [56] while the phenolic
compound chlorogenic acid exhibits anti-oxidative and anti-diabetic activities [67,68].
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Molecular Interaction with α-Glucosidase

The in silico docking study revealed that jasminoside F, jasminoside B, chlorogenic
acid and jasminoside A displayed a higher binding affinity with α-glucosidase than other
compounds studied in this study (Table 4; Figure 6). The interaction between jasminoside F
and α-glucosidase showed the binding affinity score of −7.8 kcal/mol through the for-
mation of five hydrogen bonds with amino acid residues such as Thr473, Asn476, Arg102
(Figure 6a). Jasminoside B established an interaction with α-glucosidase via six hydrogen
bonds interacting with amino acids residues (Arg102, Tyr104, Gly241, Arg103, Asn476)
of α-glucosidase with the binding affinity of 7.3 kcal/mol (Figure 6b). The chlorogenic
acid exhibited the binding affinity score of −8.2 kcal/mol with five hydrogen bond in-
teractions with amino acid residues of Met269, Glu759, Val760, Tyr266 in α-glucosidase
(Figure 6c). The molecular interaction between jasminoside A and α-glucosidase exhib-
ited a binding affinity of 7.8 kcal/mol by forming four hydrogen bonds with the amino
acid residues Val760, Leu761, Glu762 (Figure 6d). However, the positive controls such as
acarbose-derived trisaccharide and acarbose showed the promising dock binding affinity
of 8.7 kcal/mol for interaction with α-glucosidase (Table 4). The acarbose-derived trisaccha-
ride was found to establish an interaction with α-glucosidase through eight hydrogen bonds
with amino acid residues of Trp39, Cys40, Ala13, Pro14, Asp11, Arg237, Trp179 (Figure 6e)
while the acarbose established the interaction with α-glucosidase through six hydrogen
bonds with amino acid residues of Trp39, Cys40, Pro14, Ala13, Arg237, Asp11 (Figure 6f).
Overall, the docking study revealed that interactions with α-glucosidase of chlorogenic
acid and jasminoside A were promising as compared to other compounds screened, and
we hypothesize that these interactions might inhibit the activity of α-glucosidase. This
finds the support of earlier works on the antidiabetic and enzyme inhibitory activities of
these compounds [56,67,68].
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3. Materials and Methods
3.1. Chemicals, Cell Line, and Maintenance

Ethidium bromide (EB), rhodamine 123 (Rh123), 2′-7′ dichlorofluorescein diacetate
(DCFH-DA), acridine orange (AO), 2,2′-azinobis (3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt (ABTS), 1,2-diphenyl-1-picrylhydrazyl (DPPH), α-glucosidase, and α-
amylase were purchased from Sigma-Aldrich (Seoul, Korea). The seed powder of G.
jasminoides Ellis was procured from a local herbal company in South Korea, and authenti-
cated by Professor M.H. Wang (Kangwon National University). Fetal bovine serum (FBS),
penicillin and streptomycin, Dulbecco’s Modified Eagle Medium (DMEM), Roswell Park
Memorial Institute Medium (RPMI) were obtained from ThermoFisher Scientific (Seoul,
Korea). The cytotoxicity assay kit (WST-CELLO MAX™) was purchased from MediFab
(Seoul, Korea), while the cell line human hepatic HepG2 cells and mouse fibroblast NIH3T3
cells were received from Korean Cell Line Bank, (KCLB, Seoul, Korea).

3.2. Preparation of Desiccative Ripe Fruits Extract

One hundred gram of seed powder (desiccative ripe fruits) of the G. jasminoides was
extracted with methanol (1:5 ratio) for 24 h agitation in a magnetic stirrer. The methanol
extract (MeOH-E) was filtered through Whatman no 1 filter paper and then concentrated
using a rotary evaporator at 40 ◦C. Besides the water extraction was done according to the
protocols described earlier [23]. The yield of MeOH-E and H2O-E was quantified using a
weighing balance and then stored at 4 ◦C for further analytical experiments. The contents
of total phenol and total flavonoids in MeOH-E were measured according to methods
described earlier [69–71].

3.3. Antioxidant Activities

MeOH-E was analyzed for free radicals (DPPH and ABTS) scavenging activity accord-
ing to the protocols reported earlier [72,73]. For DPPH inhibition assay, 100 µL of MeOH-E
(1.95–1000 µg/mL) and 100 µL of DPPH (100 µM) were mixed and incubated at 27 ◦C for
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10 min. Later the reaction mixture was observed at 517 nm using a UV spectrophotometer.
The percentage of the DPPH scavenging was determined by adopting the formula reported
earlier [74]. For the ABTS inhibition assay, firstly, the oxidative form of the ABTS+ was
generated by mixing the potassium persulfate (2.45 mm) and ABTS (7 mm) at the ratio of
the 0.5:1 ratio in dark conditions at 27 ◦C for 24 h. For the reaction, the 100 µL of ABTS+

and 100 µL of MeOH-E (1.95–1000 µg/mL ) were mixed and incubated at 27 ◦C for 10 min.
Afterward, the reaction mixture was measured at 734 nm using a UV spectrophotometer.
The percentage of ABTS scavenging = ((Control-sample)/control) × 100). The control is
ABTS+solution alone.

3.4. Enzyme Inhibition Activities

The inhibition of α-glucosidase and α-amylase was measured according to previously
reported methods [75–77]. Acarbose was used as a positive control for this experiment.
For the α-glucosidase inhibition assay, 50 µL of MeOH-E (1.95–1000 µg/mL) was added to
20 µL of α-glucosidase (1 U) and this, 25 µL of p-nitrophenyl glucopyranoside (pNPG; 5 M)
was added and incubated at 37 ◦C for 30 min. Later, the 100 µL of Na2 CO3 (0.1 M) was
added to stop the reaction and measured at 405 nm using a UV spectrophotometer. For the
α-amylase inhibition assay, 50 µL of MeOH-E (1.95–1000 µg/mL), 150 µL of starch (0.5%),
10 µL of α-amylase (2 U) were mixed and incubated at 37 ◦C for 30 min. Later 20 µL of
NaOH (2 M) was added to stop the reaction. Then 20 µL DNS of (3,5-dinitrosalicylic acid)
was added to the reaction solution and boiled for 20 min at 100 ◦C. Finally, the reaction
mixture was cooled at room temperature and read at 540 nm using a UV spectrophotometer.
The percentage of enzyme inhibition was determined by following the formula reported
elsewhere [74].

3.5. Cell Culture Experiments
3.5.1. Cytotoxicity

The cytotoxicity of MeOH-E was tested in the normal NIH3T3 cells and HepG2 cells
(1 × 104 cells/well) cultured in DMEM composed of FBS (10%), antibiotic solution (1%)
for 24 h at 37 ◦C in 5% of a CO2 incubator. Later, the cells were treated with MeOH-E
(0–100 µg/mL) for 24 h. After the treatment period, WST reagent (10 µL) was added, kept
in a CO2 incubator for 1 h, and then OD was measured at 450 nm using UV spectropho-
tometer (SpectraMax® Plus Microplate Reader, Molecular Devices, San Jose, CA, USA). The
percentage of cell toxicity was calculated by adopting the formula reported previously [78].

3.5.2. Determination of Glucose Uptake

To assess the MeOH-E induced glucose uptake in the HepG2 cells, an insulin-resistant
model cell line (IR-HepG2) was firstly generated according to the protocol reported else-
where [79,80]. The well-established IR-HepG2 cells (1 × 104 cells/well) were cultured in
high glucose DMEM incorporated with FBS (10%) and antibiotic solution (1%) in a 5% CO2
incubator for 24 h. For the treatment, various concentrations of MeOH-E (0–100 µg/mL)
were added to cells and incubated for 24 h in the above-mentioned conditions. Besides, the
positive control (HepG2) cells were maintained. After the incubation, the cells including
the culture media were harvested and centrifuged at 440 g for 5 min, and the supernatant
was used for glucose assay by DNS method. Glucose uptake (%) was estimated using
the formula:(OD of high glucose DMEM media-IR-HepG2 cultured supernatant OD)/OD
of high glucose DMEM media) × 100. Followed by the prevention of oxidative stress,
mitochondrial membrane loss, and nucleus damage in IR-HepG2 by treatment of MeOH-E
was observed using various staining assay as reported in earlier studies [81–83].

3.6. UHPLC-QTOF-MS/MS Analysis

For the UHPLC-QTOF-MS/MS analysis, MeOH-E was dissolved in 70% methanol,
filtered with PTFE syringe filter (0.2 µm), and finalized in 20 ppm of MeOH-E. The LC/MS
systems consisted of a Waters Acquity UPLC I-Class system (Waters Corp., Milford, MA,
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USA) coupled to Waters Xevo G2 QTOF mass spectrometer (Waters MS Technologies,
Manchester, UK) equipped with an electrospray ionization (ESI) interface. The chromato-
graphic separation was done with LC/MS equipped Waters Acquity UPLC BEH C18
(150 mm × 2.1 mm, 1.7 µm) (Waters Corp.). For the UHPLC, 2 µL of the sample was
injected with a flow rate of 300 µL/min with a temperature of auto-sampler (10 ◦C) and
column oven (40 ◦C). The mobile phases were 0.1% formic acid in H2O (A) and 0.1% formic
acid in acetonitrile (B), and the following gradient was used: 10–90% B (0–12 min) and
100% B (12.1–16.0 min). The MS/MS data were obtained using a collision energy ramp
from 15 to 45 eV in MSE mode. The ESI parameters were set as follows: in negative ion
mode in Continuum format, a capillary voltage of 2.5 kV, cone voltage of 45 V, source
temperature of 120 ◦C, desolvation temperature of 350 ◦C, cone gas flow of 50 L/h, and
desolvation gas flow of 800 L/h. The ion acquisition rate was 0.25 s with the mass range
from m/z 100 to 1600. The instrument was calibrated using a sodium formate solution as
the calibration standard. Leucine enkephalin (m/z 554.2615 in negative mode) was used as
the reference lock mass at a concentration of 200 pg/µL and a flow rate of 5 µL/min and
was sprayed into the MS instrument every 10 s to ensure accuracy and reproducibility. The
data acquisition was measured by MassLynx V4.1 (Waters Corp.). The compounds were
identified using the in-house phytochemical library (UNIFI 1.8; Waters Corp.) [40,41].

3.7. Gas Chromatography Analysis

The organic compounds present in MeOH-E was determined using a gas chromatog-
raphy (Agilent 789A, Agilent, Santa Clara, CA, USA) mass spectrophotometry (Agilent
5975C; GC-MSD) system in the scan range of m/z 50–500 according to the detailed opera-
tion conditions described elsewhere [64,84]. The GS-MS used in this study was equipped
with DB-5MS (30 m length × 0.25 mm inner diameter × 0.25 µm thickness of film) column
and performed under operation condition as the flow rate of 1 mL/min, injection mode (5:1)
with an inlet temperature of 250 ◦C, interface temperature of 280 ◦C, ion source of EI, 70 eV,
with the temperature of 280 ◦C. The compounds present in the MeOH-E were tentatively
identified by matching the GC-MS data with the electronic library of W8N05ST.L.

3.8. Molecular Docking

The compounds with enzyme inhibitory activity identified from MeOH-E were vir-
tually analyzed against human lysosomal acid-α-glucosidase (PDB: 5NN8) and human
pancreatic α-amylase (PDB: 5E0F) by molecular docking. The structure files of ligands were
prepared using ChemBioDraw 15.0 (PerkinElmer, Waltham, MA, USA) and then saved
as mol. These mol files of ligands were used for energy minimization according to the
principle of gasteiger [85]. The 3D structure of PDB of 5NN8 and 5E0F were retrieved from
RSCB (https://www.rcsb.org/) and before the docking experiment the water residue was
removed and the binding packet size was prepared as reported earlier [12]. Finally, the
molecular docking between various ligand and targeted protein was carried out using
Autodock Vina 1.1.2. Finally, the interactions between the protein and compounds were
observed using LIGPLOT+(v.2.2).

3.9. Statistical Analysis

All the experiments were executed in triplicate and the results are presented with
mean ± standard error (SE). The descriptive statistics, student ‘t’ test, and analysis of
various (ANOVA), line diagrams, Duncan’s multiple range test (DMRT) were made using
excel. 2010 and SPSS (Ver 2016, IBM, Armonk, NY, USA). The difference at p < 0.05 was
considered as significant among the factors.

4. Conclusions

In summary, this work analyzed the enzyme inhibition, anti-diabetic activities and
metabolites present in the MeOH-E of G. jasminoides by using LC-MS/MS and GC-MS.
The MeOH-E showed higher enzyme inhibition, antioxidant and anti-diabetic activities in

183



Pharmaceuticals 2021, 14, 102

IR-HepG2 cells. Metabolic profiling studies tentatively identified a total of 54 compounds
including iridoids, terpenoids, fatty acid, phenolic acid derivatives from MeOH-E of
G. jasminoides based on the observed m/z molecular ions in LC-MS/MS and GC-MS.
The compounds identified were nine iridoid glycosides, 13 monoterpenoides, two each
of flavonoids and carotenoids. Among the compounds identified chlorogenic acid and
jasminoside A were found promising in interacting with α-glucosidase and α- amylase,
as evidenced by molecular docking studies. Therefore, the present work concluded that
bioactivity of the MeOH-E of G. jasminoides was the synergistic effect of various compounds
present in the extract. According to the molecular screening, it is recommended that
chlorogenic acid and jasminoside A be considered as candidate molecules for anti-diabetic
activity. However, further studies are required for the purification and characterization of
these two molecules and to determine their molecular mechanism of anti-diabetic activity
for the development of future therapeutics.

Supplementary Materials: The following are available online at https://www.mdpi.com/1424-824
7/14/2/102/s1, Supplementary Figure S1. TIC chromatogram of metabolites profiling of methanolic
extract (MeOH-E) of G. jasminoides by UHPLC-ESI-qTOF-MS/MS analysis. (a) Overall TIC chro-
matogram of MeOH-E of retention time (14 min) and (b) magnification of the TIC chromatogram
from 1–5 min of retention time. Supplementary Figure S2. Low molecular weight and alkaloids
identified from the methanolic extract(MeOH-E) of G. jasminoides by GCMS. Supplementary Table S1.
GC-MS based analysis of alkaloids and low molecular weight molecules from methanolic extract
(MeOH-E) of G. jasminoides. Supplementary Table S2. Assessment of the Drug-likeness through
Lipinski’s strategies for methanolic extract (MeOH-E) of G. jasminoides by web tool (SwissADME).
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Abstract: Isothiazolinones methylisothiazolinone (MI) and methylchloroisothiazolinone (MCI),
and parabens methylparaben (MP), ethylparaben (EP), propylparaben (PP) and butylparaben (BP)
are the most common synthetic preservatives. They are all known to be potential skin allergens
that lead to contact dermatitis. Thus, the identification of these unsafe chemicals in cosmetic
products is of high importance. In the present study, solid-phase extraction (SPE) based on HyperSep
reversed-phase C8/benzene sulfonic acid ion exchanger (HyperSep C8/BSAIE) and Sep-Pak C18
sorbents, and ultra-high performance liquid chromatography/diode array detector (UHPLC/DAD)
were optimized for the simultaneous determination of MI, MCI, MP, EP, PP and BP in cosmetic products.
HyperSep C8/BSAIE and UHPLC/DAD with the eluting solvent mixture (acetonitrile/methanol, 2:1,
v/v) and detection wavelength (255 nm) were found to be the optimal conditions, respectively.
The method illustrates the excellent linearity range (0.008–20 µg/mL) with coefficient of determination
(R2, 0.997–0.999), limits of detection (LOD, 0.001–0.002 µg/mL), precision in terms of relative standard
deviation (RSD < 3%, intra-day and <6%, inter-day) when examining a standard mixture at low
(0.07 µg/mL), medium (3 µg/mL) and high (15 µg/mL) concentrations. A total of 31 cosmetic
samples were studied, achieving concentrations (MI, not detected (nd)-0.89 µg/g), (MCI, nd-0.62 µg/g),
(MP, nd-6.53 µg/g), (EP, nd-0.90 µg/g), (PP, nd-9.69 µg/g) and (BP, nd-17.80 µg/g). Recovery values
ranged from 92.33 to 101.43% depending on the types of sample. To our knowledge, this is the first
specific method which covers the theme and describes background amounts of such preservatives
in cosmetics.

Keywords: isothiazolinones; parabens; cosmetics; SPE; UHPLC/DAD

1. Introduction

Methylisothiazolinone (MI) and methylchloroisothiazolinone (MCI) are the isothiazolinone
synthetic biocide which is used as a preservative [1–3]. The combination of MI and MCI was used
in numerous leave-on and rinse-off formulations comprising skin-care products, bath products,
hair products, shampoos, conditioners, facial and eye makeup, face masks, suntan products and
wet-wipes products [1–3]. MI is currently applied either solely or together with MCI, which comprises
a proportion of MCI/MI (3:1). The final product is traded under the name of Kathon, which is
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sold to the cosmetics manufacturing industries as Kathon CG [4]. Kathon is also applied in the
production of papers that usually come into contact with food products. Moreover, this product works
as an antimicrobial agent in paper coatings and latex adhesives that interact with food as well [5].
A usual sign of sensitivity to Kathon CG is allergic-contact dermatitis. Sensitization to isothiazolinone
groups preservatives was noticed in the 1980s [4,6]. In recent years, the use of isothiazolinone-based
preservatives has substantially increased and reported incidence of contact allergy. [6]. In the year 2013,
the isothiazolinone-based preservatives were affirmed by the American Contact Dermatitis Society
as contact allergen of the year [7]. Following the same year, Cosmetics Europe [8], in coordination
with the European Society of Contact Dermatitis [9], suggested to its members that the use of MI in
cosmetics, which are intended to stay in long contact with the skin, and cosmetic wet wipes must be
ceased. Because of high concerns relating to the potential rising rates of skin sensitivity to MI and
MCI, it is highly important to study the presence of such hazardous compounds in cosmetic products
available in the markets.

Parabens are frequently used as antimicrobial and antibacterial preservatives, to prevent the
growth of various microbial organisms, particularly fungus and bacteria in cosmetics, drugs and
foods [10]. Chemically, parabens are the esters of p-hydroxibenzoic acid which contain different alkyl
groups, for instance, methylparaben (MP), ethylparaben (EP), propylparaben (PP), butylparaben (BP),
benzylparaben (BeP), heptylparaben (HP), isobutylparaben (IBP) and isopropylparaben (IPP) [11].
Among them, MP, EP, PP and BP are the most frequently and repeatedly used in combination with
others in the final products [12]. However, the antimicrobial activity increases when using them
in a mixture of two or more parabens [12]. Owing to their extensive application, the potential
damaging health effects ascribed to parabens could be augmented [13,14]. Although these hazardous
compounds have been extensively applied for a long time, a lot of concerns about their effects on
human health have remained unsolved. Many researchers have evaluated the influence of severe and
persistent exposure of parabens [13,14], as a result parabens effect on the human endocrine system,
potential issues in homoeostasis, metabolic syndrome, reproductive systems and breast cancer [13–16].
Because of their dreadful impact on human health, the World Health Organization and European
Commission have established paraben exposure limits in cosmetics and foods [17,18]. The European
Union, Health Canada and the United States Food and Drug Administration have recommended the
parabens permissible limits of 0.4% (w/w) and 0.8% (w/w) in cosmetics [19,20]. Since then, the cosmetics
manufacturer has started to produce cosmetics free from MI, MCI and parabens. Nonetheless,
adulteration and misbranding of cosmetics takes place by still using the parabens as an ingredient in
the cosmetics. Recently, Abad-Gil et al. (2021) reported the presence of isothiazolinone, paraben and
alcohol-type preservatives in cosmetic products; they found PE (1800 µg/mL) and MP (590 µg/mL) in
facial tonic; MI (1.20 µg/mL), PE (50 µg/mL) and MP (5.20 µg/mL) in shampoo; and PE (1500 µg/mL)
and MP (710 µg/mL) in body cream [21]. Alvarez-Rivera et al. (2012) have identified isothiazolinone
preservatives in cosmetic products. The products that contained MI and MCI were shampoo (0.38–4.75
and 1.12–9.34 µg/mL), face gel (1.07 and 0.35 µg/mL), hair mask (13.10 µg/mL and <limits of detection
(LOD)), dental cream (0.59µg/mL and <LOD), baby liquid soap (25.8–111 and 0.71–41.8µg/mL), bath gel
(2.05–65.70 and <LOD-3.35µg/mL), baby shampoo (3.24 and 1.54µg/mL), makeup (0.83 and 0.18µg/mL),
hair gel (0.72 and 0.22 µg/mL) and baby body milk (1.12–26.10 µg/mL and <LOD) [3]. In other studies,
researchers have also reported the presence of isothiazolinone and paraben preservatives in cosmetic
products [2,3,21–26]. Therefore, the development of sensitive methods to prohibit the adulteration and
misbranding of cosmetics is highly needed. To date, there has been no earlier analytical method for
the analysis of MI, MCI and parabens in cosmetics or any other matrices. However, many individual
methods for MI, MCI, and parabens have been previously reported. The most frequently applied
methods for the analysis of MI and MCI were ultra-high performance liquid chromatography–tandem
mass spectrometry (UPLC-MS/MS) [2], high performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) [3], gas chromatography–tandem mass spectrometry (GC-MS/MS) [27]
and high-performance liquid chromatography–ultraviolet (HPLC-UV) [22]. The studied matrices
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were cosmetics [2,3], shampoo [22], urine [27], milk [28], household products [3], wastewater, surface
water, soil, sludge and sediment [29], hygienic consumer products [30], paints [31], food packaging
materials [32], cleaning agents and pharmaceuticals [33].

Relating to the determination of parabens, different methods have been reported earlier in various
matrices, for instance, HPLC-fluorescence/UV/DAD (cosmetics, toothpaste and mouthwash) [23,24,34],
paper spray-MS/MS (cosmetics and drugs) [35], capillary liquid chromatography with UV detection
(cosmetics, food and pharmaceuticals) [11], UHPLC-high-resolution mass spectrometry (human
urine) [36], UHPLC–MS/MS (human milk) [37] HPLC-MS/MS (domestic sewage) [38] and so on. Some
common methods had also been recently reported; Abad-Gil et al., (2021) optimized the simultaneous
determination of MI, MCI, 4-hydroxybenzoic acid, phenoxyethanol and MP in cosmetics, using an
HPLC/DAD/FL system [21]. In another study, Hefnawy et al., (2017) reported the simultaneous analysis
of MI, MP, EP, PP and salicylic acid in cosmetics by monolithic HPLC–PDA [39]. In both methods,
the studied compounds and applied methods were found to be different than those used in the current
study. The current method (UHPLC/DAD) was found to be rapid, sensitive and economical, especially
for the simultaneous determination of MI, MCI, MP, EP, PP and BP in cosmetics.

Saudi Arabia is the main marketplace for cosmetic products in the Arab and African countries,
and it has one of the world’s utmost cosmetics consumption rates. Recently, the Saudi Arabia personal
care and beauty market was forecasted to attain $5.5 billion by 2025, rising at a compound annual
growth rate of 10.49% during the forecast period (https://www.mordorintelligence.com/industry-
reports/saudi-arabia-beauty-and-personal-care-marketm).

Up until now, there has been no earlier analytical system for the identification of MI, MCI and
parabens (MP, EP, PP and BP) in cosmetic products by using a single extraction and determination
method. Thus, our investigation aimed for the development and validation of a specific method
based on solid-phase extraction (SPE) and ultra-high-performance liquid chromatography/diode
array detector (UHPLC/DAD) for the simultaneous determination of MI, MCI, MP, EP, PP and BP in
cosmetic products.

2. Results and Discussion

2.1. Optimization of SPE Method

At present, several extraction methods are available which deal either with MI and MCI [2,3,22] or
four potential parabens (MP, EP, PP and BP) [11,23,24,34,35] determination in cosmetics. Thus, the most
important aim of the current study was to develop a single extraction and determination method for
MI, MCI, MP, EP, PP and BP, which usually co-occur in cosmetic samples. This is the first approach
relating to the extraction and determination of these compounds in cosmetics by using a single method.

Owing to the low amounts of MI, MCI, MP, EP, PP and BP present in the cosmetic samples,
the optimization of a reliable method for their analysis is of high importance, and thus, it required a
very functional extraction and cleanup system which can eliminate the sample matrix interferences
that typically interfere with the determination of target compounds by UHPLC/DAD system.

According to the nature of the analyzed compounds, initially, we selected two types of SPE
extraction cartridges, namely HyperSep™ Verify CX Cartridges (Thermo Fisher Scientific, San Jose,
CA, USA) of HyperSep C8/BSAIE (200 mg/mL) and Sep-Pak C18 Classic Cartridge, 360 mg, particle
size 55–105 µm (Waters (Milford, MA, USA). Preliminary studies were performed by using a 20 mL
mixed solution (3 µg/mL) prepared in methanol and water of all the targeted compounds (MI, MCI,
MP, EP, PP and BP). A series of experiments were carried out by the passing sample mixture solution
at a controlled flow rate (1 mL/min) through two SPE cartridges separately. Once the sample solution
passed completely, the targeted compounds from SPE sorbents were eluted by using different solvent
mixtures (10 mL) at various proportions: water/methanol, water/acetonitrile and acetonitrile/methanol.
After that, the solution was evaporated under nitrogen gas, until there remained 3 mL of the total
solution volume, followed by filtration by using a polytetrafluoroethylene (PTFE) syringe filter
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(0.45 µm). Finally, the filtrate was injected to UHPLC/DAD, for the determination of MI, MCI, MP,
EP, PP and BP. Among them, the SPE cartridge HyperSep C8/BSAIE and eluting solvent mixture
(acetonitrile/methanol, 2:1, v/v) were found to be the optimal extraction parameters and used for the
analysis of real samples. Figure 1 demonstrates the UHPLC/DAD chromatograms of MI, MCI, MP,
EP, PP and BP (standard solution mixture, 3 µg/mL), obtained using different SPE cartridges and
eluting solvent mixtures at proportion (2:1, v/v). It can be observed from Figure 1 that using (A1)
water/methanol 2:1, v/v and Sep-Pak C18; (A2) water/acetonitrile 2:1, v/v and Sep-Pak C18; and (A3)
acetonitrile/methanol 2:1, v/v and Sep-Pak C18 conditions, the compounds were either not detected
or found below LOD. Nevertheless, by using (B1) water/methanol 2:1, v/v and HyperSep C8/BSAIE;
(B2) water/acetonitrile 2:1, v/v and HyperSep C8/BSAIE; and (B3) acetonitrile/methanol 2:1, v/v and
HyperSep C8/BSAIE conditions, the compounds have been identified in all cases. In B1 and B2
conditions, the compounds were identified with the poor resolution with low peak intensity. However,
in B3 conditions, the compounds were identified with excellent resolution and symmetrical with
high intensity.

2.2. Optimization of UHPLC/DAD Method

The most important challenge on the new UHPLC/DAD system was to separate MI, MCI, MP, EP,
PP and BP in a single run, with the advantage of high peak resolution, symmetry and short analysis
time. Due to differing in their polarity, many determination methods have been reported earlier which
deal either with MI and MCI [2,3,22] or parabens (MP, EP, PP and BP) [11,23,24,34,35] in cosmetics.
For the optimization of the UHPLC/DAD system, a standard mixture solution (3 µg/mL) was analyzed
by using ACCLAIM™ 120 C8 analytical column and mobile phase with different solvent proportions,
such as water (0.1% formic acid) with acetonitrile/methanol; water (0.05% trifluoroacetic acid) with
acetonitrile/methanol; and water (0.1% trifluoroacetic acid) with acetonitrile/methanol. During the
assessment of the method parameters, the absorbance was studied in the range of 250–280 nm. The most
favorable chromatographic conditions for the analysis of MI, MCI, MP, EP, PP and BP was water
(0.1% trifluoroacetic acid) with acetonitrile (mobile phase) and absorbance 255 nm, selected as the
final method for real sample analysis. Figure 2 displays the UHPLC/DAD chromatograms obtained at
optimal chromatographic conditions. The method offers excellent peak resolution and symmetry and
a total analysis time lower than 25 min. The influence of column temperature on analysis was also
established in the range from room temperature, 25 ◦C, to 50 ◦C, with 5 ◦C variations. The analysis time
was reduced with increasing column temperature beyond 35 ◦C, which offered a poorer compounds’
separation. Consequently, the column temperature of 35 ◦C was selected as an optimal condition.

2.3. Performance of the Method

The performance of the proposed method was investigated in terms of linearity (R2), limit of
detection (LOD, signal-to-noise ratio 3:1) and limit of quantification (LOQ, signal-to-noise ratio 10:1),
precision (intra- and inter-day) and accuracy. The achieved values have been presented in Tables 1 and 2.
Linearity was determined by analyzing standard mixture at different concentrations, ranging from
0.008 to 20 µg/mL. The analysis was performed in triplicates (n = 3). Calibration curves were found to
be linear over the broad range of concentrations with the coefficient of determination (R2, 0.997–0.999).
LOD (signal-to-noise ratio 3:1) and LOQ (signal-to-noise ratio 10:1) values were calculated from the
calibration equations using formula 3*standard deviation of the response/slope. LOD and LOQ values
were found in the range of 0.001 to 0.002 µg/mL and 0.004 to 0.007 µg/mL, respectively. Precision
(intra- and inter-day) was estimated in terms of relative standard deviation (RSD%) and achieved < 3%
for intra-day and <6% for inter-day when examining a standard mixture of targeted compounds at
concentrations of low (0.07 µg/mL), medium (3 µg/mL) and high (15 µg/mL) levels. Recovery values of
targeted compounds were assessed at low, medium and high levels in all of the analyzed samples,
and obtained from the added and found concentrations of each compound. The recovery values
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were achieved between 92.33% and 101.43% depending on the types of sample. The excellent quality
conditions were obtained and can be proposed for the determination of these compounds in cosmetics.
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Figure 2. UHPLC/DAD chromatograms of methylisothiazolinone (MI), methylchloroisothiazolinone
(MCI), methylparaben (MP), ethylparaben (EP), propylparaben (PP) and butylparaben (BP) obtained at
different absorbances, ranging from 250 to 280 nm. The best separation was achieved at absorbance
255 nm.

Table 1. Results of linearity (R2), limits of detection (LOD) and limits of quantification (LOQ).

Analyte Linear Range
(µg/mL) R2 LOD

(µg/g) ± SD
LOQ

(µg/g) ± SD

MI 0.005–10 0.997 0.002 ± 0.001 0.007 ± 0.002
MCI 0.005–10 0.998 0.002 ± 0.001 0.007 ± 0.002
MP 0.005–10 0.999 0.001 ± 0.001 0.004 ± 0.001
EP 0.005–10 0.998 0.002 ± 0.001 0.007 ± 0.002
PP 0.005–20 0.997 0.001 ± 0.001 0.004 ± 0.001
BP 0.005–20 0.999 0.001 ± 0.001 0.004 ± 0.001

LOD, signal-to-noise (s/n, 3:1); LOQ, signal-to-noise (s/n, 10:1); SD, standard deviation, obtained from three replicates.

Table 2. Accuracy and precision of the proposed (UHPLC/DAD) method.

Analyte Concentration
Added (µg/mL)

Intra-Day Inter-Day

Conc. Found
(µg/mL) ± SD

Recovery
(%)

RSD
(%)

Conc. Found
(µg/mL) ± SD

Recovery
(%)

RSD
(%)

MI
0.07 0.07 ± 0.002 101.14 2.40 0.07 ± 0.004 99.28 5.32

3 3.01 ± 0.003 100.17 0.11 2.95 ± 0.078 98.37 2.67
15 14.30 ± 0.035 95.33 0.24 14.30 ± 0.035 95.33 0.24

MCI
0.07 0.07 ± 0.003 98.57 0.67 0.07 ± 0.004 97.14 2.67

3 2.96 ± 0.003 98.67 0.70 2.95 ± 0.075 98.33 0.78
15 14.91 ± 0.07 99.40 0.02 14.86 ± 0.02 99.07 0.41

MP
0.07 0.07 ± 0.001 100.14 1.43 0.07 ± 0.003 101.00 4.24

3 2.99 ± 0.001 99.73 0.34 2.99 ± 0.008 99.53 0.27
15 14.67 ± 0.003 97.78 0.02 14.66 ± 0.022 97.69 0.15

EP
0.07 0.07 ± 0.001 101.43 1.41 0.07 ± 0.004 98.57 5.80

3 2.97 ± 0.008 98.90 0.27 2.96 ± 0.001 98.73 0.04
15 13.9 ± 0.004 92.33 0.03 13.83 ± 0.038 92.20 0.28
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Table 2. Cont.

Analyte Concentration
Added (µg/mL)

Intra-Day Inter-Day

Conc. Found
(µg/mL) ± SD

Recovery
(%)

RSD
(%)

Conc. Found
(µg/mL) ± SD

Recovery
(%)

RSD
(%)

PP
0.07 0.07 ± 0.002 100 2.86 0.07 ± 0.003 98.57 4.35

3 2.97 ± 0.001 99.03 0.04 2.97 ± 0.013 98.90 0.44
15 14.34 ± 0.001 95.60 0.01 14.32 ± 0.026 95.47 0.18

BP
0.07 0.07 ± 0.001 101.43 1.41 0.07 ± 0.002 100 2.86

3 3.01 ± 0.003 100.23 0.10 3.01 ± 0.007 100.17 0.23
15 14.53 ± 0.013 96.87 0.09 14.53 ± 0.007 96.67 0.05

SD, standard deviation; RSD, relative standard deviation.

2.4. Comparison of Proposed Method with the Previous Works

A comparison of the proposed method with the earlier reported analytical methods is presented
in Table 3. Earlier methods have individually identified MI and MCI [2] or parabens mixed
with other compounds in cosmetics, environmental, biological, pharmaceuticals and personal
care samples [11,23,25,33,40], but never the simultaneous identification of the MI, MCI, MP, EP,
PP and BP in cosmetics by SPE/UHPLC/DAD. The reason for not identifying these two classes
of compounds in a single analysis is the differing polarities, especially when applying a mass
spectrometric system. In addition, the reported sample-preparation techniques for the chromatographic
determination have only dealt with particular product types. In another approach, Lin et al. (2010)
have optimized the UPLC–MS/MS method for the analysis of MI, MCI, 1,2-benzisothiazolinone and
2-octyl-3-isothiazolinone in paper applied for food packaging [41]. The LOD and recovery values
were obtained from 0.001 to 0.010 mg/kg and 81.3%, respectively. Fei et al. (2011) studied the MP,
EP, PP and BP in cosmetics, by UHPLC/DAD, and obtained LOD (0.12–0.15 mg/mL) and recovery
(90.7–97.7%) [26]. Jardim et al. (2015) investigated MP, EP, PP, BP and benzyl paraben in human
urine, using UPLC–MS/MS, and found LOD 0.5 ng/mL [42]. These established values [41,42] were
also found in good agreement with those archived in the current study. Moreover, on the basis of the
achieved outcomes from the current study, the present method could be applied for the determination
of MI, MCI, MP, EP, PP and BP in various kinds of matrices. At present, there is no common method
available for such kinds of determination, either in sample preparation technique or chromatographic
system. The reported SPE/UHPLC/DAD method can simultaneously analyze MI, MCI and parabens
(MP, EP, PP and BP) in a single chromatographic method in cosmetic products. The performance of the
reported method (linearity, LOD, precision and accuracy) was found to be in good agreement with
those reported in earlier works [2,11,23,25,33,40].

2.5. Application

The practical applicability of the SPE/UHPLC/DAD method was established for the simultaneous
determination of MI, MCI, MP, EP, PP and BP in cosmetic products of various trademarks and
origin. A total of 31 cosmetic samples (face powder, perfumed body (dusting) powder, wet wipe,
shampoo, liquid hand-wash soap and shower gel) were studied (Table 4), achieving the amounts of
(MI, nd-0.89 µg/g), (MCI, nd-0.62 µg/g), (MP, nd-6.53 µg/g), (EP, nd-0.90 µg/g), (PP, nd-9.69 µg/g) and
(BP, nd-17.80 µg/g) (Table 4). As an example, Figure 3 demonstrates the UHPLC/DAD chromatograms
identified in the perfumed body (dusting) powder (PP3, Max) sample. Among 31 cosmetic samples,
the BP was found in 29 samples, with higher concentrations in shampoo (17.80 µg/g, HS1 Pearl
touch), followed by MI (27 samples, shampoo HS3, SoftCare, 0.89 µg/g), MP (14 samples, face powder
FP7, Nitrq beauty, 6.53 µg/g), PP (13 samples, perfumed body (dusting) powder PP1 Franck Olivier,
9.69 µg/g), MCI (12 samples, face powder FP2 kokuryu super summer cake, 0.62 µg/g) and EP
(11 samples, perfumed body (dusting) powder PP3 Max, 0.90 µg/g). The recovery values ranged from
92.33 to 101.43% depending on the types of sample. The achieved outcomes revealed that the studied
cosmetic samples contained these unsafe chemicals in most of the samples even at higher amounts.
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Figure 3. UHPLC/DAD chromatograms identified in perfumed body (dusting) powder (PP3,
Max) sample.

3. Materials and Methods

3.1. Chemical and Reagents

HPLC grade acetonitrile and methanol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Trifluoroacetic acid, MI, MCI, MP, EP, PP and BP were obtained from Merck (Darmstadt, Germany).
All chemicals were of high purity (>99%). The structures of the studied compounds are demonstrated
in Figure 4. Ultrapure water was prepared by using a BarnsteadTM Smart2PureTM water purification
system (Thermo Scientific, Göteborg, Sweden). Solid-phase extraction cartridges, HyperSep C8/BSAIE
200 mg/mL and Sep-Pak C18 classic cartridge, 360 mg, particle size 55–105 µm, were purchased from
Thermo Fisher Scientific (San Jose, CA, USA) and Waters (Milford, MA, USA), respectively. An ARE
Heating Magnetic Stirrer was obtained from VELP Scientifica (Usmate Velate (MB), Italy). Ultrasonic
baths, model Bandelin Sonorex Digitec, were obtained from Bandelin electronic (Berlin, Germany).
Whatman® qualitative filter paper, Grade 1 circles, diameter 90 mm, was purchased from Merck
(Darmstadt, Germany). Polytetrafluoroethylene (PTFE) syringe filter (0.45 µm) was purchased from
Macherey-Nagel GmbH (Düren, Germany).

The individual stock solution was prepared at a concentration of 200 mg/L, by dissolving an
adequate weight in methanol, used for further dilutions. To produce the linearity range and calibration
curves, standard mixtures of the studied compounds at concentrations ranging from 0.008 to 20 µg/mL
were prepared. Standard solutions and cosmetic samples were filtered by a syringe PTFE filter (0.45 µm)
(Macherey-Nagel GmbH, Düren, Germany) before being analyzed by the UHPLC/DAD system.

To assess the SPE efficiency and prevent the matrix influence on peak intensity, retention time
and symmetry, the MI, MCI, MP, EP, PP and BP quantification was performed by a standard addition
procedure (a quantitative analysis method applied to reduce matrix effects that obstruct with compound
measurement signals) consisting of non-fortified (two, zero levels) and fortified (three levels, 50%, 100%
and 500%) samples. The levels values demonstrated the increase of compounds in the sample after
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fortifying. The fortifying of samples was carried out at the start of the extraction method. Cosmetic
samples were studied in triplicates (three different extractions of the same sample), and statistical data
analysis of the studied samples was performed by means of ANOVA (analysis of variance).
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LOD and LOQ were calculated from the calibration equation, i.e., 3*standard deviation of the
response/slope. Recovery of MI, MCI, MP, EP, PP and BP was assessed at low, medium and high levels
in all of the analyzed samples, and obtained from the added and found concentrations of each analyte.

3.2. Extraction Method

For the identification and quantification of MI and MCI, and four potential parabens, comprising
MP, EP, PP and BP, cosmetics of diverse trademark and country of origin were obtained from cosmetic
and pharmacy retail superstore based in Al-Jouf and Riyadh, Saudi Arabia. The sample description
was presented in Table 4. Subsequent to purchase, cosmetic samples were immediately stored at
4 ◦C, and studied at the earliest time, to avoid any chemical loss or contamination. To examine the
selective extraction by using SPE method, 0.5 g of cosmetic samples was added to a mixture solution
of water and methanol (50:50, v/v, 20 mL), followed by mixing (10 min) by using a magnetic stirrer.
Afterward, the sample mixture was sonicated (10 min) in ultrasonic baths, followed by filtration
through Whatman® qualitative filter paper (grade 1 circles, diameter 90 mm). Then, the sample filtrate
was eluted through the SPE cartridge (HyperSep C8/BSAIE), at a controlled flow rate (1 mL/min).
Finally, the analyte was eluted with a mixture solution of acetonitrile and methanol (2:1, v/v, 10 mL).
The sample solution was evaporated, under nitrogen gas, to a final volume of 3 mL. Prior to the analysis
by using UHPLC/DAD, the sample extract (3 mL) was filtered through a PTFE syringe filter (0.45 µm).
The volume of sample injection was 10 µL. The samples were extracted in triplicates (three different
extractions of the same sample). In order to verify the sample contamination and method sensitivity
maintained throughout the study, quality control samples were analyzed. Besides this, the sampling
steps were carried out with safety measures to reduce sample contamination.

Because of the complexity of cosmetics preparations, a precise pretreatment of the cosmetic
samples is typically needed prior to the identification of these compounds by using the UHPLC/DAD
technique. The present SPE method using HyperSep C8/BSAIE cartridge was found to be precise
and selective for the analysis of MI, MCI, MP, EP, PP and BP in cosmetics. Nevertheless, in earlier
studies, the authors have reported various extraction methods based on ultrasound-assisted extraction,
solid-phase microextraction, vortex-assisted dispersive liquid–liquid microextraction and liquid–liquid
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extraction for the analysis of preservatives in different matrices [3,44–46]. These methods were also
found to be precise and selective for different types of compounds extracted from different matrices.

3.3. Instrumentation

The sample analysis was performed by using a Dionex UltiMate 3000 UHPLC system (Thermo
Scientific, San Jose, CA, USA), comprising a LPG-3400SD binary pump, WPS-3000TSL thermostat
autosampler, TCC-3000SD thermostat column compartment and DAD-3000 diode array detector.
The data were recorded and analyzed by Chromeleon™ 7.2 Chromatography Data System Software
(Thermo Scientific, San Jose, CA, USA).

The chromatographic separation of MI, MCI, MP, EP, PP and BP was achieved through an
ACCLAIM™ 120 C8 analytical column with the dimensions 150 mm × 2.1 mm and 5 µm of particles
size (Thermo Scientific, San Jose, USA). The optimal separation was obtained by using binary mobile
phase: water (0.1% trifluoroacetic acid, pH 2.1, solvent A) and acetonitrile (solvent B) at a flow rate of
0.5 mL/min. The gradient mobile phase elution was 0–2 min (B, 12.5%), 2–4 min (B 20–30%), 4–16 min
(B, 30–50%), 16–22 min (B, 50–100%), return to its equilibrium conditions and 22–30 min. The column
temperature was kept at 35 ◦C, and the sample injection volume was 10 µL. The column was also
washed with a mixture (50:50, v/v) of methanol and Milli-Q water solution, for five minutes, following
the analysis of every ten samples. The optimal detection wavelength was performed in the UV range
at 255 nm.

4. Conclusions

A HyperSep C8/BSAIE SPE and UHPLC/DAD method for the simultaneous identification of
MI, MCI, MP, EP, PP and BP in cosmetic products was optimized and validated, using 31 cosmetic
samples of various trademarks and origin. These unsafe chemicals are the most common preservatives
that manufacturers frequently apply in such products. In addition, excellent method performance
parameters, namely linearity (R2, 0.997–0.999), LOD (0.001–0.002 µg/mL), precision (<6%) and accuracy
as percent recovery (92.33–101.43%), were achieved. These outcomes revealed that the developed
method offers an alternative method for the quality control of MI, MCI, MP, EP, PP and BP in cosmetic
products. The present method can be practically used for an extensive range of cosmetic products,
for the identification of MI, MCI, MP, EP, PP and BP. For instance, this procedure will be appropriate to
screen the frequency of wrong labeling of such unsafe chemicals (MI, MCI, MP, EP, PP and BP) on
cosmetics’ ingredients lists. Ingredients labels that are incorrect or omitted can go against clients and
health care experts and when seeing for a causative agent to elucidate skin reactions and demanding to
evade cosmetics that comprise these potential skin allergens leading to contact dermatitis.
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Abstract: Guanitoxin (GNT) is a potent neurotoxin produced by freshwater cyanobacteria that
can cause the deaths of wild and domestic animals. Through reports of animal intoxication by
cyanobacteria cells that produce GNT, this study aimed to investigate the bio-accessibility of
GNT in simulated solutions of the gastrointestinal content in order to understand the process
of toxicosis promoted by GNT in vivo. Dissolution tests were conducted with a mixture of
Sphaerospermopsis torques-reginae (Cyanobacteria; Nostocales) cultures (30%) and gastrointestinal
solutions with and without proteolytic enzymes (70%) at a temperature of 37 ◦C and rotation at
100 rpm for 2 h. The identification of GNT was performed by LC-QqQ-MS/MS through the transitions
[M + H]+ m/z 253 > 58 and [M + H]+ m/z 253 > 159, which showed high concentrations of GNT in
simulated gastric fluid solutions (p-value < 0.001) in comparison to simulated solutions of intestinal
content. The gastric solution with pepsin promoted the stability of GNT (p-value < 0.05) compared
to the simulated solution of gastric fluid at the same pH without the enzyme. However, the results
showed that GNT is also available in intestinal fluids for a period of 2 h, and solutions containing
the pancreatin enzyme influenced the bio-accessibility of the toxin more compared to the intestinal
medium without enzyme (p-value < 0.05). Therefore, the bio-accessibility of the toxin must be
considered both in the stomach and in the intestine, and may help in the diagnosis and prediction of
exposure and risk in vivo through the oral ingestion of GNT-producing cyanobacteria cells.

Keywords: anatoxin-a(s); neurotoxins; cyanobacteria poisoning; bio-accessibility

1. Introduction

Guanitoxin (GNT) [1] (formerly Anatoxin-a(s)) is a potent natural neurotoxin produced by
freshwater cyanobacteria [2,3]. Its mode of action is the same as synthetic organophosphates, in which
the phosphate ester functional group binds to the active serine site of acetylcholinesterase (AChE),
ultimately causing AChE block [3–5]. The result of the irreversible inactivation of AChE is the
accumulation of acetylcholine in the synaptic clefts, thus causing cholinergic hyperstimulation that,
in most cases, is lethal for organisms [6–8].

In the past, GNT has been associated with the death of domestic and wild animals that accidentally
consumed water containing cyanobacterial cells [5,6,8,9]. The clinical signs observed in these animals
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consisted mainly of excessive salivation, muscle tremors, convulsions, fasciculation convulsions,
and respiratory failure. The lethal dose (LD50) of GNT was determined in mice to comprise a range
from 20 µg/kg to 40 µg/kg, with a survival time of 10 to 30 min, and it is considered ten times more
toxic than other cyanotoxins of the same class [3,5,10]. Other LD50 and inhibitory concentration (IC50)
values were observed in fish, Cladocera, and insects, showing symptoms of intoxication common to
those observed in mammals [11–15].

There are no known variants of GNT; it is known that species of the genus Dolichospermum and
Sphaerospermopsis are the main producers of this cyanotoxin [1,16]. AChE has been used as a biomarker
to assess the presence of the toxin in aqueous samples [17,18]. However, enzymatic methods can
generate false-positive results and can be influenced by the presence of synthetic organophosphates
that are available in the environment. For this reason, analytical methodologies by LC-MS are more
indicated due to the high specificity and sensitivity that they provide for the correct identification of
GNT [19].

Although the presence of this toxin is less common than other cyanotoxins such as microcystins,
extremely high levels of GNT have already been detected in water samples [9,20]. Furthermore, there are
recent reports of the occurrence of this toxin through cases of accidental poisoning in dogs, who after
drinking water with cyanobacterial cells, showed clinical signs of acute intoxication characteristic of
GNT [6,21,22]. However, the monitoring of GNT in bodies of water for human use is not yet mandatory,
and there are no limits for the detection of GNT established by the World Health Organization (WHO).
The lack of consistent toxicological data and an analytical standard for quantifying GNT are the main
factors that limit the mandatory monitoring of GNT in water bodies [18,23,24].

Environmental factors also imply a lack of data on the occurrence of GNT in water bodies, such as
the instability of the toxin at high temperatures and slightly alkaline pH [7,25]. However, there are
contradictory results regarding the time of degradation of the molecule, and it is not known whether
GNT has resistance to other chemical substances. On the other hand, the occurrence of GNT has
been reported in eutrophic environments with a slightly alkaline pH [26,27], which is associated
with the predominance of species producing GNT. There is no precise information on the toxin’s
half-life in the environment. However, even if it prevails in the environment for a short time, it can be
sufficiently lethal depending on the available concentrations; it can cause severe impacts on aquatic
and terrestrial biota.

Therefore, our work aimed to investigate the availability of GNT in simulated solutions of gastric
and intestinal contents with and without digestive enzymes through in vitro tests, following guidelines
established by the United States Pharmacopeia [28,29]. From the dissolution tests, we expect to provide
information on the bio-accessibility of GNT in the gastrointestinal system in vivo, especially for wild
and domestic animals that are generally the most affected by the toxic cyanobacteria available in
eutrophic environments.

2. Results

The results presented in this study came from cultures of Sphaerospermopsis torques-reginae
(ITEP-24), with a cell concentration of 3.29 × 106. From dissolution tests, we obtained the profile of
the accessibility of GNT in artificial solutions gastrointestinal content. The bio-accessibility of the
toxin was measured by high-performance liquid chromatography-tandem triple-quadrupole mass
spectrometry (HPLC-QqQ-MS/MS) with multiple reaction monitoring (MRM) using the transitions
[M + H] + m/z 253 > 58 and m/z 253 > 159 (Scheme 1). Figure 1 refers to the total ion chromatogram
and MRM for the GNT molecule, showing that the relative area of the GNT peak is greater in samples
with acidic pH.
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Scheme 1. Guanitoxin fragmentation by LC-MS and product ions generated from electrospray
ionization source (ESI) in positive mode, adapted from Dörr et al. (2010) [19], showing the formation
of ion [M + H]+ m/z 159 and ion [M + H]+ m/z 58 after neutral loss of methylphosphate residue.
Data presented in this study were acquired from the protonated GNT molecule and following the
transitions [M + H]+ m/z 253 > 159 and [M + H]+ m/z 253 > 58.
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transitions [M + H]+ m/z 253 > 58 and [M + H]+ m/z 253 > 159. Chromatograms show the peak area for
the GNT content released by the cells of the S. torques-reginae (ITEP-24) in 2 h of experiment, showing
higher values in tests using simulated gastric solutions with (A) and without the pepsin enzyme (B)
compared to solutions of simulated intestinal contents with (A) and without the pancreatin enzyme (B).
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The results also showed that the GNT contents were statistically higher (p-value < 0.001) in
treatments with simulated stomach contents (with and without enzyme) compared to treatments with
solutions of simulated intestinal content with enzyme and without pancreatin. Then, we compared
the contents of GNT between solutions with the same pH. The graphs shown in Figure 2 show the
contents (%) of GNT while the data presented in Tables S1 and S2 in the Supplementary Materials
represent the raw data obtained by LC-MS.
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Figure 2. Dissolution profiles of S. torques-reginae cells (ITEP-24) producing GNT. The dissolution test 
was conducted for 2 h at 37 °C with rotation at 100 rpm. The graphs show the relative value of the 
concentration of guanitoxin released by the cells during the tests. Values for each assay are 
represented as the mean ± standard deviation (SD) (n = 3). The concentrations of GNT were higher in 
the tests with a simulated solution of the stomach contents (A) compared with simulated solutions of 
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Figure 2. Dissolution profiles of S. torques-reginae cells (ITEP-24) producing GNT. The dissolution test
was conducted for 2 h at 37 ◦C with rotation at 100 rpm. The graphs show the relative value of the
concentration of guanitoxin released by the cells during the tests. Values for each assay are represented
as the mean ± standard deviation (SD) (n = 3). The concentrations of GNT were higher in the tests with
a simulated solution of the stomach contents (A) compared with simulated solutions of the intestinal
content (B).

Treatment with the enzyme pepsin (pH 1.2) showed that the concentration of GNT increased
significantly from zero to 10 min (p-value < 0.0001) and then continued to increase slowly, with a
tendency to stabilize the concentration of the toxin until the end of the experiment. In addition,
the Tukey test showed that the concentration of GNT at 10 min was statistically different from all times,
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except 5 and 15 min. From 0 to 15 min was the period of greatest activity of the pepsin enzyme acting
on cell breakdown of the ITEP-24 strain, and consequently, availability of GNT in the extracellular
medium (Figure 2A).

We compared the results obtained from the simulated fluid dissolution test of the gastric contents
with the pepsin enzyme (pH 1.2) and without (pH 1.2); the statistical analysis shows that the GNT
concentration at 20 min were statistically equal in the two treatments (Figure 2A). However, while the
concentration of GNT begins to increase initially (0–15 min) (p-value < 0.0001) in the treatment
with the enzyme, the opposite occured in treatments with gastric solution without the enzyme
(p-value < 0.0001) (Figure 2A).

Figure 2B shows the results obtained in the treatments with the simulated solution of the
intestinal content with and without the pancreatin enzyme. In the dissolution test performed with the
simulated solution of intestinal fluid with the pancreatin enzyme, the concentration of GNT initially
increased significantly between 10 to 15 min, and was statistically higher compared to all other periods
(p-value < 0.0001). After 15 min, the concentration drastically decreased to 20 min, maintaining stability
for up to 30 min, and from 30 min to 60 min, there was a slight increase in the concentration of the toxin,
which then tended to stabilize until the end of the experiment. In treatments without the pancreatin
enzyme, the toxin content released was greater 0–10 min (p-value < 0.05) and from 15 min to 120 min
there was no statistical difference.

The intestinal solution treatments with the pancreatin enzyme (pH 7.5) were compared with the
results obtained in the test with the simulated solution of the intestinal content without the enzyme.
The statistical tests showed significant differences in the times of 10–15 min (p-value < 0.0001) and
90–120 min (p-value < 0.05). For all other times, there was no statistical difference (Figure 2B).

At the end of the experiments, measurements of the pH value were performed in all dissolution
test solutions with no significant changes in the acidic (1.20 to 1.33) and alkaline (7.50 to 7.56) solutions.
Microscopic analyses of the samples resulting from the dissolution tests were also performed to assess
the rupture of the cell wall of the ITEP-24 strain. Microscopic analysis revealed a small number of
isolated cells that appeared intact, and quite a few fragmented cells.

3. Discussion

The dissolution test was developed to study the time required for the drug to solubilize in humans
and animals [29]. The dissolution method is also used to evaluate and guarantee the quality of the
drugs made available for use, in which it is established that at least 80% of solid formulations are
dissolved in a short period [30,31]. In general, this method aims to predict whether solid formulations
will be dissolved in a simulated aqueous medium of the stomach and intestine, leaving the active
ingredient available to be absorbed into the bloodstream to exert its effect on the individual [32]. In vitro
dissolution tests are usually used before in vivo tests [33]; therefore, this method can be explored to
assess the bio-accessibility of several active compounds of cyanobacteria of pharmaceutical and food
interest [34–36].

In this sense, this study aimed to investigate the amount of intracellular GNT released in simulated
media from the gastrointestinal tract when subjected to controlled experimental conditions. Based on
the principles of the dissolution method, the solubility of GNT in acidic (pH 1.2) and basic (pH 7.5)
media was evaluated in order to understand the bio-accessibility of GNT in the gastrointestinal
tract in vivo due to cases of intoxication of animals by this cyanotoxin, as reported in the literature.
The results presented here showed the relevant content and greater stability of GNT in simulated
solutions of gastrointestinal content with and without enzyme action. On the other hand, the release of
the toxin was more significant in solutions of stomach contents, and even greater in solutions with the
presence of the enzyme pepsin.

In the simulated gastric fluid dissolution test without enzymes, although the concentration of
GNT was also relevant, there was a drop in concentration after 10 min; this can be justified by the
instability of the toxin in acidic solutions with pH values below 3.0. Studies carried out to evaluate the
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GNT molecule’s stability at different pH and temperatures showed that the toxin is stable at pH 3.0
and can be slightly degraded at acidic pH (pH 1.5 and 5.0) (unpublished results).

Dissolution tests with proteolytic enzymes are normally used for formulations coated with
some gelatinous membrane that does not dissolve in an aqueous medium due to crosslinking
which can interfere with the dissolution of the drug [37]. In the case of our study, GNT was
protected by cyanobacterial cells. Cyanobacteria have a cell wall made up of peptidoglycan, proteins,
and lipopolysaccharides, which have protective and compliance functions [38,39]. In addition, the cell
wall forms a boundary between cell constituents; therefore, some stimulation is needed to break the
cell wall to release intracellular components of interest [40].

According to the dissolution method’s conditions, the use of the enzymes pepsin and pancreatin,
together with the constant rotation promoted by the rotating blades at 100 rpm, could act in the cell
lysis of cyanobacteria. In studies of extraction of secondary cyanobacteria metabolites, organic solvents
and suitable equipment are usually used, such as ultrasound probes or thermal shock of cells by
freezing and thawing; these methods assist in cell breakdown, promoting the release of intracellular
metabolites [40].

The results of this study showed that the concentration of GNT in the dissolution test with the
pepsin enzyme had an exponential growth character from 5 to 20 min; the opposite occurred in the
dissolution test with simulated gastric fluid (Figure 2A). Pepsin probably acted in the breakdown of
proteins present in the cyanobacterium cell wall, thus enabling the continuous release of GNT in the
extracellular medium. Pepsin acts on protein metabolism by transforming them into simpler peptides;
it catalyzes the hydrolysis of peptide bonds adjacent to amino acids with side chains, aromatic amino
acids (phenylalanine, tryptophan and tyrosine), branched chain amino acids, and methionine [41].
Pepsin may also have had a greater role in degrading other metabolites present in the ITEP-24 strain,
thus making GNT more available. However, these hypotheses require more specific studies to answer
questions regarding the interaction of GNT with other molecules, especially digestive molecules.

In dissolution tests with simulated solutions of stomach fluid, usually lasting 1 h, the time was
extended to 2 h to compare the tests performed with simulated solutions of intestinal content. The data
show that higher GNT concentrations were more available in simulated stomach fluid solutions
than simulated intestinal fluid solutions. However, although the concentration of GNT was lower in
dissolution tests with simulated fluids from the intestine, the results showed that GNT was not fully
degraded in the 2 h period. The fact is that some studies talk about the degradation of the toxin in
alkaline solutions, but this is not entirely correct. Therefore, based on this study, we can understand
that most of the toxin is available in the stomach, and can also reach the intestinal tract.

In the dissolution test performed with the pancreatin enzyme, there was an increase in the
concentration of GNT from 5 to 15 min, which was statistically significant (p-value < 0.0001) compared
to the results of the intestinal solution (Figure 2B). The pancreatin used in the dissolution assay
comprises of a mixture of several enzymes including trypsin, amylase, lipase, ribonuclease, and protease.
Pancreatic enzymes such as trypsin act mainly in the hydrolysis of lysine and arginine esters [42]. Thus,
this set of pancreatic enzymes may have acted in the breakdown in the cell wall of the ITEP-24 strain,
allowing the release of GNT into the extracellular environment; however, GNT is not very stable in a
basic environment, so high concentrations of GNT may have been released and then hydrolyzed.

Therefore, as demonstrated in this study, the low concentration of the toxin at pH 7.5 may be
associated with the low instability of the GNT at pH > 7.0. However, although its concentration was
lower in tests with artificial solutions of the intestinal system, concentrations of the toxin remained in
the solutions for a period of up to 2 h. The remains of cells that were still intact after 2 h indicated that
gastrointestinal content solutions with and without enzymes managed to release only a part of the
intracellular toxin. Depending on the morphology and metabolism of the digestive system in vivo,
the presence of intact cells after 2 h can result in the continuous release of GNT in the body and cause
prolonged toxic effects, even at a low concentration.
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Cyanobacteria produce a variety of secondary metabolites that are toxic to many organisms [43–46],
including man [47]. Most GNT-producing cyanobacteria have been identified in freshwater environments
accompanied by animal poisoning. Birds and domestic mammals were the groups most affected after
water consumption containing cyanobacterial cells that produce GNT [6,9,22]. The data available in the
literature also show that the effect of this cyanotoxin toxicity is very rapid, affecting the nervous system
to cause seizures and muscle paralysis, followed by sudden death [6,8,9,22].

In addition, laboratory tests carried out on mice and rats using intraperitoneal injections containing
GNT showed that the toxic effects are more pronounced between 7 to 30 min and can cause rapid
death in up to 60 min [5–7,9]. The results presented here showed higher concentrations of GNT in
the dissolution tests carried out with the enzymes pepsin and pancreatin in the initial phase of the
experiments (10 and 20 min), corroborating tests in vivo where the toxic signs were more severe in the
same period.

Tests carried out on other animals treated with crude extracts of cyanobacteria producing GNT
showed that the toxic effect of GNT can vary according to the method of exposure and the dose
administered [8,11,48,49]. However, both tests with the pure toxin and tests that used cells containing
the toxin showed similar clinical effects, and in many cases was followed by death of the organisms.

Despite several studies showing the negative effect of GNT on aquatic and terrestrial biota [6,8,50],
the monitoring of this potent neurotoxin is not yet routinely performed in bodies of water by regulatory
agencies and there is no standardization of limits for the concentration of GNT. However, there is a
particular concern with aquatic organisms, which may share the same habitat with toxin-producing
cyanobacterial species. In addition, cattle, domestic animals such as dogs as well as water birds
can be exposure to contaminated water during bloom events. We believe that our findings can
contribute substantially with information about GNT released from cyanobacterial cells after ingestion
of contaminated water mainly by mammals. This in vitro released pattern can be useful for comparison
in real cases of GNT poisoning and treatment of animals.

4. Materials and Methods

4.1. Reagents

The reagents employed to prepare the Artificial Seawater Medium (ASM-1) used to grow the
cultures of the ITEP-24 strain were of analytical grade (Vetec, Rio de Janeiro, Brazil); the Lugol
used to fix the culture of the ITEP-24 strain was purchased from Sigma-Aldrich (Sigma-Aldrich,
Darmstadt, Germany). Reagents employed to prepare mobile phases used in LC-MS analyses were
MS grade Acetonitrile, formic acid, and ammonium formate were all purchased from Sigma-Aldrich
(Sigma-Aldrich, Darmstadt, Germany). The reagents used to prepare simulated solutions of gastric
and intestinal fluids were sodium hydroxide, sodium chloride, hydrochloric acid (purity over 99%)
(Sigma-Aldrich, Darmstadt, Germany), monobasic potassium phosphate, monobasic sodium phosphate,
and phosphoric acid (Vetec, Rio de Janeiro, Brazil).

The enzymes used in the dissolution tests were pepsin from lyophilized powder from porcine
gastric mucosa (Sigma P7000, ≥250 units/mg) and pancreatin from pig stomach and pancreatin from
porcine pancreas (Sigma P-1500 4X United States Pharmacopoeia (USP) specifications) containing
enzymatic components including trypsin, amylase, lipase, ribonuclease and protease, produced by
the exocrine cells of the swine pancreas (Sigma-Aldrich, Darmstadt, Germany). Buffer solutions had
pH values of 7.00, 4.00 and 9.00 (Millipore, Milford, MA, USA). Ultrapure water used to prepare all
solutions was obtained from a Direct-Q8 water purification system (Millipore, Milford, MA, USA).

4.2. Cultivation of the Sphaerospermopsis torques-reginae (ITEP-24) Strain Producing Guanitoxin

The dissolution tests were performed with cells of the species S. torques-reginae (Komárek) [16],
obtained from the Technological Institute of Pernambuco (ITEP). The strain ITEP-24, classified as a
GNT producer [19], was isolated from water samples collected in the Tapacurá/PE/Brazil reservoir [26].
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Currently, this strain is also part of the collection of cyanobacteria of the Laboratory of Toxins and
Natural Products of Algae and Cyanobacteria of the Faculty of Pharmaceutical Sciences of the University
of São Paulo/Brazil (FCF/USP).

The ITEP-24 strain was grown in ASM-1 medium [51] at pH 7.5–8.0 with continuous aeration for
a period of approximately 20 days. During this period, the cultures were maintained at a temperature
of 22.0 ± 1.0 ◦C and a 12:12 photoperiod (Nova Técnica, São Paulo, Brazil) under a light intensity of
40 µmol of photons m−2 s−1 measured by a quantum sensor (QSL-100, Biospherical Instruments Inc.,
San Diego, CA, USA).

After reaching exponential growth, the cultures were centrifuged at 15,000× g at 4 ◦C for 10 min,
(Eppendorf 5804R centrifuge, Eppendorf AG, Hamburg, Germany). Before the dissolution experiments,
5 mL of the ITEP-24 strain culture was collected and fixed with Lugol. The samples fixed in Lugol
were then inserted into a Neubauer Chamber (hemocytometer) for cell counting using a Zeiss Axiovert
135M optical microscope (Carl Zeiss, Göttingen, Germany). Cell counting was performed based on
the number of cells per strand and cell density was performed according to Blakefield and Harris
(1994) [52].

4.3. Preparation of Simulated Gastrointestinal Fluid Solutions with and without Digestive Enzymes

Dissolution tests were designed to understand how GNT would react after being released from
S. torques-reginae cells (ITEP-24) in simulated solutions of gastric and enteric fluid with and without
the presence of enzymes that help in the processes of metabolism of the stomach and intestine.
The solutions used in the dissolution tests were prepared according to the United States Pharmacopoeia
standards [28].

The simulated gastric fluid was prepared with 2.0 g of sodium chloride dissolved in ultrapure
water, and 6.0 mL of hydrochloric acid was then added with ultrapure water to a volume of 1000 mL.
The pH was adjusted with 1 M sodium hydroxide or 1 M hydrochloric acid until a pH of 1.2 was
achieved. For the medium with the enzyme pepsin, the same solution was prepared (simulated gastric
fluid), and 3.2 g of pepsin was added for a total volume of 1000 mL.

The intestinal solution was prepared with 6.81 g of monobasic potassium phosphate and 1.70 g of
sodium hydroxide dissolved with ultrapure water to the volume of 1000 mL. The pH was adjusted
with 1 M sodium hydroxide or 1 M phosphoric acid until a pH of 7.5 was achieved. The same medium
(simulated intestinal fluid) was subsequently used to prepare the solution with the pancreatin enzyme,
using 2.5 g of pancreatin for a total volume of 1000 mL of the simulated solution of the intestinal
contents. The pH values were measured with a digital pH meter combined with a glass electrode
(827 pH Lab/6.0224.100, Metrohm, Herisau, Switzerland). The pH meter was calibrated by standard
buffer solutions with pH 7.00, 4.00 and 9.00.

4.4. Dissolution Test with the ITEP-24 Strain

The tests were carried out in a 708-DS dissolution apparatus (Agilent Technologies, Santa Clara,
USA) equipped with 6 glass cylinders with a capacity of 1000 mL, using the rowing method at
100 rpm at a temperature of 37 ± 1 ◦C [53]. The experiments were carried out in two stages. First,
experiments were performed with simulated stomach fluid solutions with and without the pepsin
enzyme simultaneously, using three cylinders for each type of solution, i.e., each test was performed in
triplicate. Each cylinder was composed of 700 mL of simulated gastric medium and 300 mL of culture
containing cells of the ITEP-24 strain. For the simulated gastric solution with the enzyme pepsin,
2.24 g of the enzyme (560,000 U) was used; each mg of pepsin was equivalent to 250 U.

In the second stage, immediately after the tests with gastric solutions at pH 1.2, the experiments
were carried out with simulated solutions of the enteric liquid with and without the pancreatic enzyme.
The experimental conditions were the same mentioned in the previous experiment, i.e., the assays
with simulated enteric solutions were performed together, representing three cylinders for each assay,
each cylinder containing 700 mL of simulated enteric medium plus 300 mL of culture, representing a
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final volume of 1000 mL of medium. In the case of the pancreatin enzyme assay, a volume of 700 mL
of intestinal solution with 1.75 g of the enzyme was used for each cylinder (>175,000 U of amylase
activity, >14,000 U of lipase activity, and >175,000 U of protease activity). Each mg of pancreatin was
equivalent to >100 U of amylase activity, >8.0 U of lipase activity, and >100 U of protease activity.

The dissolution tests lasted 2 h (120 min) and the samples were obtained through manual
collections with 5 mL syringes connected to cannulas. The collections were performed after 5, 10, 15, 20,
30, 45, 60, 90, and 120 min, with total of 3 mL of solution for each time point (triplicate). After collection,
the samples were filtered with a 0.45 µm Poly(vinylidene fluoride) (PVDF) membrane (Nova Analítica,
São Paulo, Brazil) and stored on dry ice until the time of analysis in the LC-MS.

4.5. Liquid Chromatography-Tandem Mass Spectrometry

The samples referring to all extraction protocols were analyzed by high-performance liquid
chromatographytandem coupled to a triple-quadrupole mass spectrometer (HPLC-QqQ/MS/MS)
Agilent 6460 (Agilent Technologies, Santa Clara, CA, USA) with ionization by electrospray, in positive
mode at 3500 V. Nitrogen was used as the gas nebulizer (45 psi) and drying gas (5 mL/min at 300 ◦C).

The separation of compounds was performed on a hydrophilic chromatographic column ZIC-HILIC,
150 × 2.0 mm, 5 µm (Merck, Darmstadt, Germany). The mobile phases consisted of A (water containing
10 mM ammonium formate and 0.04% formic acid) and B (acetonitrile/water (80:20 v/v), containing
5 mM ammonium formate and 0.01% formic acid) [19]. The injection volume was 5 µL, and the
chromatographic separation was carried out in a linear gradient with a flow of 0.150 mL/min.

The toxin was identified using a linear gradient under the following conditions: from 0 to 10 min,
the gradient was 90% (B). The mobile phase was then reduced to 40% (B) from 10 to 12 min, and from 12
to 12.5 min, the mobile phase was changed again to 90% (B). From 12.5 to 20 min, the mobile phase was
maintained at 90% (B), finishing the analysis. The results were obtained by multiple reaction monitoring
(MRM) and the identification of GNT was performed by the retention time, m/z 253 ([GNT + H]) and the
quantifier and qualifier ions [M + H]+ m/z 253 > 58 and [M + H]+ m/z 253 > 159. Data analysis was performed
using MassHunter Qualitative Analysis B06.00 software (Agilent Technologies, Santa Clara, CA, USA).

4.6. Statistical Analysis

The data obtained in this study were presented as mean ± standard deviation (SD).
Significant differences were assessed by two-way ANOVA and Tukey’s test for multiple comparisons
(p-value < 0.05 and p-value < 0.0001). The percentages expressed in the graphs was obtained after
normalizing the data. All statistical tests were performed using R Statistical software version 3.1.2 [54]
and graphs were made using Prism 7 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

LC-MS analyses showed that GNT was statistically more stable in simulated solutions of the
stomach component, and the presence of the enzyme pepsin resulted in greater stability of the toxin in
acidic solutions. Although GNT is more stable in acidic solutions, such as stomach fluid, this study
showed that GNT is also available in alkaline solutions (pH 7.5), mainly in the presence of pancreatic
enzymes and, therefore, its availability must be considered both in the stomach and in the intestine.
Therefore, the data presented here can be useful in the diagnosis and treatment of animals or humans
affected by the accidental ingestion of cyanobacterial cells that produce GNT.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8247/13/11/402/s1,
Table S1: Mean and standard deviation (SD) for cell samples of the ITEP-24 strain submitted to dissolution tests
(simulated gastric with and without pepsin enzyme solutions). The absolute values presented in the table were
obtained through analysis by LC-QqQ-MS/MS, Table S2: Mean and standard deviation (SD) for cell samples of the
ITEP-24 strain submitted to dissolution tests (simulated intestinal with and without pancreatin enzyme solutions).
The absolute values presented in the table were obtained through analysis by LC-QqQ-MS/MS.
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Abstract: Bisphenol A (BPA) is a chemical compound used in the manufacturing of plastics and
resins whose presence in the body in low concentrations can cause serious health problems. Due to
this, there is a growing interest in the scientific community to develop analytical methods that
allow quantifying trace concentrations of BPA in different types of samples. The determination
of this compound in toys made of plastics that can be manipulated by children leads to an extra
concern, because it is possible for BPA to enter the body by introducing these toys into the mouth.
This work presents a novel procedure to the quickly and easily quantification of trace levels of BPA in
samples of toys and pacifiers according to the current demanding regulations. The determination
of very low levels of BPA was carried out by ionic liquid dispersive liquid–liquid microextraction
(IL-DLLME) followed by high-performance liquid chromatography (HPLC). The formation in
situ of the ionic liquid (IL) 1-octyl-3-methylimidazolium bis((trifluoromethane)sulfonyl)imide
([C8MIm] [NTf2]), was achieved by mixing 1-octyl-3-methylimidazolium chloride ([C8MIm]Cl)
and lithium bis(trifluoromethanesulfonyl)imide ([NTf2]Li) aqueous solutions, reaching an instant
dispersion whose cloud of microdrops allows the total extraction of BPA in the IL from aqueous
solutions. After centrifugation, BPA concentration in the sedimented phase was determined by HPLC.
The optimal experimental conditions for the microextraction and determination of BPA in the IL
were studied. The total extraction was achieved at pH 4, heating the sample at 30 ◦C for 5 min,
using 100 µL of IL precursor volume, and spinning after the formation of dispersion at 3000 rpm
for 10 min. The enrichment factor (EF) and detection limit (LOD) reached with the procedure were
299 and 0.19 µg L−1, respectively. The relative standard deviation for ten replications at the 0.5 µg
L−1 level was 5.2%. Recovery studies showed a mean value for BPA recovery percentage in the
samples of 99%. Additionally, a hybrid model was applied to characterize the extraction kinetics.
This simple, low cost and fast method simplifies traditional microextraction techniques, representing
an outstanding alternative.

Keywords: bisphenol A; high-performance liquid chromatography; ionic liquid; dispersive liquid–
liquid microextraction; extraction kinetic studies

1. Introduction

Bisphenol A (BPA) is a chemical compound widely used in the manufacturing of plastics and
epoxy resins, which are later employed in toys and bottle teats production. Trace residue levels of
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BPA cause serious problems in the normal function of the endocrine system [1], being a mutagenic
and carcinogenic compound. Epidemiologic literature reports relationship between low BPA levels
and pubertal development, fetal and childhood growth or metabolic and reproductive diseases,
among others [2]. It has been stated that even extremely low doses, parts per trillion, can alter
cell function [3]. Consequently, the European Union established a specific migration limit (SML)
of 0.04 mg L−1 for BPA used in toys for children under 36 months [4]. Moreover, the European
Commission established a ban on the use of BPA in the manufacturing of polycarbonate baby bottles
for infants in 2011 [5].

The restrictive regulations regarding BPA content in toys and baby bottles makes necessary
the development of analytical methods with high sensitivity and low detection limit (LOD) which
allows to determinate trace concentrations. This high sensitivity requires preconcentration techniques
during the sample preparation step. Microextraction techniques are environmentally friendly methods
which have replaced classical methods last years. Nowadays, ionic liquids (IL) are very used as
extractant phase to determine trace concentrations of different chemical compounds using liquid–liquid
microextraction (LLME) techniques because of their suitable characteristics, such as vapor pressure,
solubility, and thermal stability. However, the usual microextraction techniques often require the use
of organic solvents acting as dispersing agents, or ultrasound to achieve the total extraction of the
compound, also requiring long times and high temperatures for a full extraction [6–10].

Particularly, the determination of BPA has been carried out by many authors from different
matrices, such as plastics by means of gas chromatography [11,12], vegetable oils using a magnetic
ionic liquid [6], and a variety of foods and drinks by different analytical techniques [13–19].

In recent years, different chemical sensors have been manufactured for the determination
of BPA, based on graphene-palladium nanoparticles/polyvinyl alcohol hybrids [20], using CdO
nanoparticles [17], or an amperometric enzyme inhibition biosensor based on xanthine oxidase
immobilised onto glassy carbon [21].

However, methods for determining traces of BPA in toys or materials used in baby bottles, such
as nipples, have not been practically studied recently, since the sensitivity requirements established by
European Regulations are very restrictive [4]. Notwithstanding, several interesting studies can be listed,
although they present some limitations. A work carried out in 2012 to determine the content of BPA in
toys by gas chromatography-mass spectrometry reached detection limits of 10 µg kg−1, being necessary
the sample derivatization [16]. A procedure of liquid chromatography with fluorescence detection was
developed to determine BPA in toy, the LOD reached equal to 50 µg L−1, not realistic in comparison to
concentrations found in most toys [22]. Moreover, the concentration of BPA has been determined in
toys used by dogs, reaching the quantification of concentrations of µg mL−1 [23].

In this work, it is introduced a procedure to simulate the migration of BPA in toys and pacifier
teats. These objects were subjected to the conditions of children saliva when sucked, transferring this
compound to an aqueous solution [24]. After that, the aqueous solution containing BPA is subjected
to a microextraction method based on the in situ formation of IL in a straightforward ion-exchange
reaction. An instantaneous dispersion is obtained after mixing the IL precursors, allowing the rapid
and total extraction of BPA from aqueous solutions in the IL droplet cloud. In just a few minutes,
after centrifuging the dispersion, the sedimented extract at the bottom of the tube is analyzed by HPLC
to quantification of amounts of BPA present in the solution. This method allows to determine very low
concentrations of BPA in a simple and cost effective-way, in comparison with other techniques requiring
more expensive instrumentation. In this way, the procedure is accessible for any standard laboratory.

The experimental conditions to achieve the total extraction of BPA were studied, reached for
pH = 4 and 30 ◦C, in just 5 min. This procedure leads to an enrichment factor (EF) and LOD of 299 and
0.19 µg L−1, respectively. These values allow the determination of BPA concentrations under the very
restrictive conditions of concentration that the regulations establish. The procedure was validated
applying it to determination of BPA in solutions with known concentrations. Recovery, repeatability
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and reproducibility studies were carried out showing that it is a robust method for the established
purpose, becoming a realistic and viable alternative to determine BPA in toys and baby pacifiers.

2. Results and Discussion

2.1. Optimization of the DLLME Conditions

2.1.1. Optimization of Aqueous Phase and IL Precursors Volume

The aqueous phase volume was studied with different volumes of IL precursors in order to reach
the best microextractions conditions. Among them, it is important to get a constant IL sedimented
volume after centrifugation, allowing to carry out the measurement by triplicate and to obtain a
suitable EF. To this end, aqueous phase volumes of 5, 10, 15 and 20 mL were tested with 25, 50 and
100 µL of each IL precursor. However, regardless of the aqueous phase volume, when the volumes of
IL precursors were 25 and 50 µL, the volume of the IL phase sedimented after centrifugation was so
small that it was not possible to analyze it.

When a volume of aqueous phase of 5 mL and 100 µL of each IL precursors were employed,
the volume of IL formed after centrifugation was 48 µL, resulting in an EF of 104. When the volume
of aqueous phase was 10 mL and the volume for each IL precursor was 100 µL, the volume of IL
formed after centrifugation was 33 µL, achieving an EF close to 303. A volume equal to 18 µL of IL
phase was achieved when the aqueous phase volume was 15 mL and volume of precursor was 100 µL,
but not allowing measurements by triplicate. Finally, when the volume of aqueous phase was equal to
20 mL and volumes of precursors were 100 µL each, the volume obtained of IL sedimented was 10 µL,
also not allowing measurements by triplicate. Results are summarized in Table 1.

Table 1. IL volume and EF obtained after centrifugation for different aqueous phase volumes and a
fixed IL precursors volume of 100 µL.

Aqueous Phase
Volume (mL)

IL Precursors
Volume (µL)

IL Volume after
Centrifugation (µL) EF

5 100 48 104
10 100 33 303

15 * 100 18 833
20 * 100 10 2000

* Measurements not achieved by triplicate.

Consequently, a volume of 10 mL of aqueous phase was chosen because for 33 µL of IL the
measurements can be carried out by triplicate, still achieving a high EF, close to 300.

2.1.2. Optimization of pH Conditions

In order to determine the adequate pH to reach the maximum efficiency of the extraction of BPA in
the IL, several experiments were carried out. A range of pH 1–10 was studied to obtain the best results
in the extraction of BPA. Figure 1 shows that the maximum BPA extraction is achieved for a pH range
between 3 and 5. For the discussion of this result, this behavior is due to a hydrophobic interaction
between IL and BPA which decreases because of the deprotonation of BPA when pH increases [25].
A pH value of 4 was selected as adequate to carry out the extraction.
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Figure 1. Effect of pH on BPA extraction. Solid line represents spline connectors. As depicted from the
plot, a maximum Peak Area was achieved for pH = 4.

2.1.3. Optimization of Temperature Conditions and Incubation Time

In the extraction procedure the solution temperature plays a very important role, influencing the
extraction efficiency of DLLME. Because of this, the temperature effect was studied within the range
25–60 ◦C. The aqueous was heated in a thermostatic bath for ten minutes, prior to the addition of the IL
precursors at different temperatures belonging to the range mentioned above. As is shown in Figure 2,
the best extraction efficiency was obtained at 30 ◦C. Accordingly, we selected this temperature as the
best one for our microextraction process.
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Figure 2. Effect of the temperature on the BPA signal obtained from IL phase. Solid line represents
spline connectors. Maximum extraction efficiency was achieved at T = 30 ◦C.

Additionally, the incubation time of the samples at 30 ◦C was studied within the range 2–30 min.
Figure 3 shows that the extraction efficiency of the BPA in the IL increased from 2 to 10 min,
then remaining nearly constant until 30 min. Accordingly, five minutes was selected as the heating
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time for subsequent measurements. As a discussion, the extraction kinetics was characterized by an
efficient hybrid kinetic model, Equation (1) (see Section 3.7), resulting in an adjusted R2 equal to 0.974.
The fit is represented by red solid line in Figure 3.
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2.1.4. Optimization of Centrifugation Time

The centrifugation time was studied in order to obtain the adequate IL volume after the microextraction
procedure. Times equal to 2, 5, 7, 10, 15, 20 and 30 min of centrifugation were applied at 3000 rpm. Figure 4
shows that the volume of IL sedimented increased from 0 to 5 min, then remaining constant until 30 min.
The choice for the adequate centrifugation time was 10 min.
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2.2. Analytical Figures of Merit of the Proposed Method

The EF was evaluated from the quotient between the slope obtained in the calibration line,
by applying the proposed preconcentration procedure in experimental section, and the slope resulting
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from directly measuring BPA in aqueous solution. EF achieved a value of 299. This value coincides
with the quotient of the volume of the aqueous phase and the volume of the sedimented IL.

The analytes show a linear behavior within the range 0.5–0.3 µg L−1 (linear equation:
Y = 96.437× + 4.736). The regression coefficient R2 for the proposed procedure was 0.997.

Ten consecutive experiments were carried out at 0.5µg L−1 level of BPA to estimate the repeatability,
being the relative standard deviations (RSDs) 5.2%. The reproducibility was calculated from ten
measurements obtained on five consecutive days, obtaining RSDs of 6.5%.

The LOD was calculated using the criterion that the analyte quantity is equivalent to three times
the standard error of the calibration slope estimation. This results in a LOD equal to 0.19 µg L−1 of
BPA. Additionally, the limit of quantification (LOQ) is equal to 0.63 µg L−1.

To validate the proposed method, it was applied to aqueous solutions with known concentrations
of BPA. Table 2 shows the results obtained. As a discussion, the concentrations obtained after applying
the proposed microextraction technique are in agreement, including the standard deviations, to the
concentrations of the prepared solutions.

Table 2. Results of validation of the proposed procedure in aqueous solutions presenting known
concentrations of BPA.

Sample of Known Concentration Concentration (µg L−1) Content Found a (µg L−1)

blank 0.0 0.01 ± 0.00
1 0.30 0.303 ± 0.002
2 0.40 0.401 ± 0.001
3 0.50 0.500 ± 0.003

a Mean value ± standard deviation (n = 3).

2.3. Application of the Procedure to Toys and Baby Pacifier Samples

The common activity of children introducing toys into the mouth causes the possibility that some
chemical compounds present in the materials for toy manufacturing are solubilized in the saliva,
entering the body and causing health risk in some cases.

Regarding BPA, small doses of this chemical could cause serious health problems [1]. For this
reason, the European Union established the maximum specific migration limit of BPA in baby toys
at 0.04 mg L−1 [4]. The pacifier limit has not been established, assuming that they must contain 0%
BPA in their composition. Since the elimination mechanisms in babies are not fully operating before
6 months, any exposure to this substance is not considered as safe.

Although the limit of migration of BPA in toys is established in the aforementioned concentration,
it is necessary to have analytical methods that allow a safe quantification of much lower levels in
materials used by babies, since it constitutes a real concerning danger.

The analytical procedure proposed in this work was applied to determination of BPA in toys
and baby pacifiers. For this, it is necessary to submit these materials to a procedure that simulates
the migration of chemical in the baby’s saliva. The treatment is regulated by the European Union,
consisting of putting 10 cm2 of the material in continuous agitation with 100 mL of water for one hour
at room temperature [4]. The aqueous solutions were later subjected to the proposed microextraction
procedure by in situ formation of an IL. Regarding the toys employed in our study, we chose the
samples randomly, among standard small toys from local toy stores in Murcia, Spain. Date of purchase
was November 2019 for samples 1–8, and September 2020 for samples 9–11. The values found by
application of the procedure under study to several toys are shown in Table 3. All values lie well below
the permitted limit. Additionally, recovery studies were carried out for every sample. As can be seen
in Table 3, recoveries ranged from 97% to 102%, thus confirming the reliability of the procedure.
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Table 3. BPA determined from toy and pacifier samples.

Sample Content Found a (µg L−1) Recovery %

1—Blue ball 0.30 ± 0.02 100
2—Red ball ND 101

3—White teat 0.23 ± 0.01 97
4—Pink teat ND -
5—Red teat ND -

6—Yellow banana 0.25 ± 0.01 102
7—Green apple 0.22 ± 0.04 101
8—Violet grape 0.30 ± 0.03 99

9—Blue ball 0.28 ± 0.02 98
10—Yellow horse 0.21 ± 0.02 101

11—Orange giraffe 0.25 ± 0.04 98

ND: Not detected; a Mean value ± standard deviation (n = 3).

To discuss the results, it is worth pointing out that trace BPA levels as those shown in Table 3 could
be dangerous, even fulfilling the restrictions of the EU, as reported in the literature [2,3]. Toys and
pacifiers add to other BPA sources, being food intake the primary route of human exposure [26,27].
The environment is generally considered as a secondary source and, in particular, it has been stated that
it is unlikely to inhale high BPA levels from air, except maybe with the workers of BPA-based products
companies [27]. The European Food Safety Authority established in 2015 [28] an average BPA dietary
intake reaching 0.857 µg/kg BW/day for infants, and a non-dietary of 0.015 µg/kg BW/day. However,
recent studies show that toy BPA intake can approach 246 ng/kg BW/day [29]. The EU set in 2017 a
temporary tolerable daily intake (TDI) equal to 4 µg/kg BW/day, of which 10% allocates to exposure
to BPA from toys [4]. Additionally, it has been reported than lower levels, such as 0.025–0.2 µg/kg
BW/day can lead to severe health problems [27], so again it is emphasized that efficient detection of
trace levels could be of paramount importance.

3. Materials and Methods

3.1. Chemicals and Materials

The bisphenol A standard was purchased from Sigma-Aldrich Chemie (Schnelldorf, Germany).
Pure water was prepared using a water purification system formed by a delimer (CILIT MINICRONO
(Cilit, SA, Barcelona, Spain) and a water purification system SETA OSMO BL-6 (Sociedad Española de
Tratamiento de Agua, Madrid, Spain). Ultrapure water was employed for the preparation of 0.1 M
solutions of these ILs.

Bis(trifluoromethane)sulfonamide lithium salt and 1-butyl-3-methylimidazolium chloride
(Sigma-Aldrich Chemie, Schnelldorf, Germany) were used in orden to form the IL. Analytical
grade acetonitrile was obtained from Applichem Panreac (Darmstadt, Germany), and water for HPLC
from Macron Fine Chemicals (Gliwice, Poland). The non-ionic surfactant Triton X-114 was purchased
from Sigma-Aldrich (Raleigh, NC, USA). Micro pipettes of 100–1000 µL were brought from Thermo
Scientific (Wantaa, Finland).

3.2. General Procedure

Sample solution of 10 mL containing BPA in the range of 0.5–3 µg L−1 was heated at 30 ◦C for
5 min. Subsequently, 20 µL of a regulatory dissolution of pH = 4, 100 µL of the [C8MIm]Cl solution,
100 µL of 0.1 mol L−1 Triton X-114 solution and 100 µL of the [NTf2]Li were added. A turbid dispersion
was instantaneously formed because of the IL formation reaction from its precursors. The mixture
was centrifugated at 3000 rpm for 10 min. The IL sedimented at the bottom of the tube was collected,
being 10 µL injected in HPLC using a chromatographic-type syringe. BPA concentrations were
determined using the conditions described throughout the manuscript. The measurements were
carried out by triplicate.
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3.3. Procedure Applied to Plastic Toys and Baby Pacifiers

Eleven toy and baby pacifier samples were acquired in local stores and pharmacies, respectively in
Murcia, Spain. The toy samples included one plastic blue ball (sample 1), one plastic red ball (sample
2), one plastic blue ball (sample 9), a yellow horse (sample 10), an orange giraffe (sample 11) and three
different plastic fruits: one yellow banana (sample 6), one green apple (sample 7) and one purple
grape (sample 8). Regarding the baby pacifiers, two samples manufactured after the modification
of legislation in specific limit values for chemicals used in toys (samples 3 and 4), and one sample
manufactured before legislation of BPA was enforced (sample 5).

A surface of 10 cm2 of material from each toy and baby pacifier were contacted under mechanical
agitation with 100 mL of water for 1 h with magnetic stirring at room temperature [4]. Then, 10 mL
from each aqueous solution were treated with the general procedure.

3.4. Ionic Liquid as Acceptor Phase

Organic solvents as a BPA extracting medium have been extensively studied and used over the
years [30–32]. In recent years, liquid–liquid microextraction techniques have been widely used to
extract BPA using different organic solvents, such as benzene [33], hexane [34], ethyl acetate [35] or
ethanol [36]. However, the use of IL as an extracting medium instead of the commonly used organic
solvents provides a series of advantages, such as low solubility in water and low viscosity, a double
condition which is not easily achieved [9,10]. Moreover, mixing water-soluble IL precursors leads to
an in situ metathesis reaction, immediately giving rise to a water-immiscible IL [8]. This IL formation
reaction provides a dispersed phase through a cloud of microdroplets that allows to get a large surface
in contact, thus proportioning the right medium for instantaneous extraction of the analyte.

Excellent results were found when 1-octyl-3-methylimidazolium chloride ([C8MIm]Cl) and
bis(trifluoromethanesulfonyl)imide ([NTf2]Li) were employed as IL precursors. Both precursors
were mixed and a turbidity due to the formation of insoluble 1-octyl-3-methylimidazolium
bis((trifluoromethane)sulfonyl)imide ([C8MIm] [NTf2]) was immediately observed by the metathesis
reaction:

[C8MIm]Cl + [NTf2]Li→ [C8MIm][NTf2] + LiCl

This procedure greatly simplifies traditional microextraction techniques because it avoids the
use of dispersing agents, organic solvents or mechanical techniques, such as ultrasound. Moreover,
this method reduces the time necessary to achieve full extraction of the analytes. It has been used for
the extraction of several metals and other aromatic species [8–10].

Different volumes of [C8MIm]Cl and [NTf2]Li were studied in order to obtain the best conditions
in terms of formed IL volume and reproducibility of the process. The best results were found employing
100 µL of 1 mol L−1 [C8MIm]Cl and 100 µL of 1 mol L−1 [NTf2]Li, and a aqueous phase of 10 mL.
After centrifugation, 33 µL of IL [C8MIm][NTf2] were recovered in the bottom of the tube. This volume
is in agreement with the theoretical predictions, taking into account the [C8MIm][NTf2] density [37].

3.5. Non-Stick Agent Selection

In order to avoid that IL remains in the walls of the tube during microextraction process, thus
collecting the maximum volume of IL, some authors have suggested the employment of surfactants as
non-stick agents [9,10,38]. Different volumes and concentrations of surfactants were studied, achieving
the best results with the use of Triton X-114. By using 200 µL of aqueous solution 0.2 mol L−1 of
Triton X-114 at 10 mL of donor phase, the volume of sedimented IL reached a maximum, constant and
reproducible value of 33 µL under the experimental conditions proposed, thereby preventing it from
sticking to the walls of the container.
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3.6. Instrumentation and Analytical Conditions

The measurements made in this work were carried out on an HPLC JASCO BS-4000 system (Madrid,
Spain), equipped with a sample injector and an ultraviolet detector (UV-4075) operating at 230 nm.

The column used was C18 column (150 × 4.6 mm i.d., 5 µm), and the mobile phase employed
consisted in a mixture of 60% acetonitrile and 40% water, at a flow rate of 0.8 mL min−1 and an injection
volume of 10 µL.

An ultrasonic bath with a HD-5L heating system (P-Selecta S.A., Barcelona, Spain) at 40 kHz of
frequency and 60W of power was used for raising the temperature up to 30 ◦C. An EBA 8 centrifuge
(P-Selecta S.A., Barcelona, Spain) was used to disrupt sample emulsions.

3.7. Microextraction Kinetic Studies

Characterization of BPA microextraction kinetics was performed through a nonlinear fit of the
experimental data, specifically the dependence of Peak Area (mV) on exposure time (min), described by
the following hybrid model [39]:

Peak Area =(α− β) (β/α)e(β−α)γt

(β/α)e(β−α)γt − 1
+β (1)

where and α, β, γ represent characteristic parameters and t is the exposure time.

4. Conclusions

Toys and baby pacifiers are subjected to high restrictions of BPA concentrations. This fact makes
it difficult in the development of analytical methods capable of quantifying very low levels of this
chemical in those materials. However, very low levels of this BPA can seriously affect children’s health.
This work presents a novel method of determining very low concentrations of BPA in toys and baby
pacifiers as an alternative to the traditional methods for its analysis.

The procedure consists of the in situ formation of an ionic liquid through a metathesis reaction
of its precursors, providing a dispersed medium which allows the instantaneous extraction of BPA
in IL under very mild and simple experimental conditions. After centrifuging the mixture, the IL
sediments at the bottom of the tube and the BPA can be quantified by direct injection of the IL on HPLC.
A high enrichment factor (EF = 299) and a low detection limit (LOD = 0.19 µg L−1) were achieved.
Furthermore, the proposed method presents a high reproducibility and repeatability. It was validated
using aqueous solutions of known concentrations of BPA and was successfully applied to real samples
of toys and pacifiers complying with the current regulations for it.
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Abstract: Fragaria viridis Weston or creamy strawberry is one of the less-known species of the Fragaria
genus (Rosaceae family) with a wide distribution in Eurasia and is still in the shadow of more popular
relatives F. ananassa (garden strawberry) or F. vesca (wild strawberry). Importantly, there is a lack of
scientific knowledge on F. viridis compounds, their stability in the postharvest period, and bioactivity.
In this study, metabolites of F. viridis fruits in three ripening stages were characterized with
high-performance liquid chromatography with photodiode array and electrospray ionization triple
quadrupole mass spectrometric detection (HPLC-PAD-ESI-tQ-MS). In total, 95 compounds of various
groups including carbohydrates, organic acids, phenolics, and triterpenes, were identified for the first
time. The quantitative content of the compounds varied differently during the ripening progress;
some of them increased (anthocyanins, organic acids, and carbohydrates), while others demonstrated
a decrease (ellagitannins, flavonols, etc.). The most abundant secondary metabolites of F. viridis fruits
were ellagitannins (5.97–7.54 mg/g of fresh weight), with agrimoniin (1.41–2.63 mg/g) and lambertianin
C (1.20–1.86 mg/g) as major components. Antioxidant properties estimated by in vitro assays
(2,2-diphenyl-1-picrylhydrazyl radical (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
cation radical (ABTS), ferric reducing antioxidant power (FRAP), and oxygen radical absorbance
capacity (ORAC)) showed good antioxidant potential in all ripening stages of F. viridis fruits. The pilot
human experiment on the effect of F. viridis fruit consumption on the serum total antioxidant capacity
confirmed the effectiveness of this kind of strawberry. Postharvest storage of ripe fruits at 4 ◦C and
20 ◦C lead to declining content in the majority of compounds particularly ascorbic acid, ellagitannins,
and flavonols, with the most significant loss at room temperature storage. These results suggest that
F. viridis fruits are a prospective source of numerous metabolites that have potential health benefits.

Keywords: Fragaria viridis; creamy strawberry; ellagitannins; HPLC; mass spectrometry; fruit
ripening; antioxidant potential

1. Introduction

Genus Fragaria (strawberry) of the Rosaceous family is a well-known source of dietary fruits that
are popular all over the world and is widely consumed due to its unique taste and fragrance. The global
production of strawberries has reached 9 million tons per year with maximal production levels in
China, USA, and Mexico [1]. Such high consumption makes it necessary to examine the various
aspects of biology, chemistry, cultivation, and technology of strawberry manufacturing. The most
common studies devoted to the metabolic diversity of the Fragaria genus include many groups of
compounds such as carbohydrates, organic acids, vitamins, anthocyanins, ellagitannins, flavonoids,
and minerals [2]. Special attention is also paid to understanding the nature of postharvest changes in
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the chemical profile and physical properties of strawberry fruits in different storage conditions [3].
Despite the significance of strawberry as a food, pharmaceutical interest is also given due to the presence
of various bioactive compounds including antioxidative [4], anti-inflammatory [5], antibacterial [6],
anti-allergic [7], antidiabetic [8], and cancer preventive [9] properties. The antioxidative properties of
various strawberries were discussed previously, and high effectiveness was revealed for Fragaria extracts
and unprocessed fruits [10], thereby strengthening the interest to study strawberries. An age-old
tradition of strawberry use resulted in the cultivation of many Fragaria species, not only popular
species such as F. ananassa (garden strawberry), F. vesca (wild strawberry), and F. moschata (musk
strawberry) but also exotic species like F. chiloensis (Chilean strawberry), F. × bifera, and F. viridis
(creamy strawberry) [2]. In this regard, significant attention also needs to be focused on little-known
strawberries, specifically F. viridis (Figure 1).
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Figure 1. Fragaria viridis Weston (creamy strawberry).

Botanically, F. viridis is a green perennial herbaceous rhizomatous plant that can grow up to 25 cm
tall with numerous adventitious roots. The stems are erect, and the length of the leaves are slightly
longer, densely dressed with protruding trichomes. The stipules are narrow and brown, and the leaves
have shaggy petioles from prominent trichomes that densely cover them. The inflorescences are small,
corymbose, loose, and few-flowered and are dressed at the base with a solid or tripartite apical leaf.
The pedicels are short and dressed with appressed or occasionally horizontally protruding trichomes.
The flowers are relatively large, up to 2.5 cm in diameter, usually bisexual with triangular and
lanceolate sepals. The petals are rounded, overlapping each other, short-clawed, and yellowish-white.
The fragrant fruits are spherical, narrowed at the base, mostly yellowish-white, only reddish at the top,
and rarely entirely pink or pale red, with achenes slightly immersed in the pulp, which are difficult
to separate from the receptacle [11]. The fruits are separated from the stem together with sepals at
inconsist density, and they are distinguished by good transportability, better that F. vesca and F. ananassa.
The species is ecologically plastic. It grows in aspen-birch groves, on open grassy mountain slopes,
on edges and glades of mountain forests, in meadows, and in meadow steppes in Europe, Russia,
the Caucasus, and Western and Eastern Siberia. Sensory evaluation of F. viridis fruits demonstrated
good taste and extraordinary fresh-fruity flavour [12].

The literature data about F. viridis are meagre and demonstrated that the essential oil of leaves
consists of major components β-linalool, n-nonanal, tetradecanal, nerolidol, α-bisabolol, and phytol,
which distinguishes it from fruit essential oil with the dominant m/p-xylene, isoledene, methyleugenol,
α-cedrene, α-muurolene, and α-cedrol [13]. The known phenolics of F. viridis fruits are catechin,
epicatechin, epigallocatechin gallate, cyanidin 3-O-glucoside, pelargonidin 3-O-glucoside, quercetin
3-O-glucoside, ellagic acid [14], quercetin 3-O-galactoside, quercetin 3-O-rutinoside, and chlorogenic
acid [15], equalling the phenolic profile of F. viridis leaves. Both fruits and leaf extracts showed
good radical-scavenging and ferric-reducing ability [14]. Despite easy cultivation, high breeding
potential, and good sensory parameters, F. viridis remains one of the underutilized strawberry
species [12]. The growing interest in new strawberries as perspective food sources obliges us to do
more in-depth research, particularly in the area of Fragaria metabolomics using high-performance
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liquid chromatography-mass spectrometric techniques (nothing has been done previously with these
techniques). It is, of course, of great interest in revealing specificities of metabolite changes in F. viridis
fruits during the ripening progress as well as metabolite transformation during fruit storage.

In the present report, we realized the first detailed metabolomic profiling of F. viridis fruits
in three stages of ripening (unripe, intermediate ripe, and fully ripe) using high-performance
liquid chromatography with photodiode array and electrospray ionization triple quadrupole mass
spectrometric detection (HPLC-PAD-ESI-tQ-MS), and antioxidant properties of F. viridis fruits were also
studied in four in vitro models (scavenging capacity against 2,2-diphenyl-1-picrylhydrazyl radical and
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radical, ferric reducing antioxidant power,
and oxygen radical absorbance capacity) during ripening progress and one pilot human experiment
(serum total antioxidant capacity). Finally, the variation of selected compounds and antioxidant
potential of ripe F. viridis fruits was investigated in response to cool and room temperature storage.
To our knowledge, this is the first comprehensive study of F. viridis fruits.

2. Results and Discussion

2.1. Metabolites of F. viridis Fruits: LS-MS Profile

Chromatographic profiling of F. viridis fruit metabolites was completed by high-performance liquid
chromatography with photodiode array and electrospray ionization mass spectrometric detection
(HPLC-PAD-ESI-tQ-MS). The identification of components found in F. viridis was done after a precise
interpretation of chromatographic (retention times) and spectral data (ultraviolet-visible spectra and
mass spectral patterns) in comparison with reference standards and literature data. The extraction
procedures of fresh fruits were preliminarily tested with various solvents (methanol, ethanol,
isopropanol, water, and acetone), solvent–material ratios, temperatures (20–90 ◦C), and methods of
extraction (ultrasound-, microwave-, and water-bath-assisted). The resultant protocol used was 100%
methanol with a solvent–material ratio of 1:1 followed by 5 min homogenization and sonification
(30 min, 45 ◦C). After comparison of F. viridis fruit extracts in three ripening stages (unripe, intermediate
ripe, and fully ripe), the HPLC-ESI-tQ-MS chromatogram of fully ripe fruit extract showed the presence
of the maximal amount of compounds (95) with interpretable data (Figure 2), details of which are
provided in Table 1.
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Figure 2. High-Performance Liquid Chromatography with Electrospray Ionization Triple Quadrupole
Mass Spectrometric Detection (HPLC-ESI-tQ-MS) chromatogram (Total Ion Chromatogram (TIC) mode,
negative ionization) of extract of F. viridis ripe fruits: compounds are numbered as listed in Table 1.
IS—internal standard (genkwanin).

Table 1. Chromatographic (tR) and mass-spectrometric data of compounds 1–95 found in F. viridis fruits.

No. tR,
min

[M-H]− I,
[M-2H]− II,

[M-2H]2− III,
m/z

MS/MS,
m/z

Group
a Compound [ref.] b Presence in Ripening

Stages c

1 2.51 341 I CR Hexosyl-hexose L [16] +/+/+

2 2.94 179 I CR Hexose L [16] +/+/+

3 3.08 191 I OA Citric acid S +/+/+

4 3.33 133 I OA Malic acid S +/+/+

5 3.41 149 I OA Tartaric acid S +/+/+

6 3.50 115 I OA Fumaric acid S +/+/+

7 3.82 175 I OA Ascorbic acid S +/+/+
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Table 1. Cont.

No. tR,
min

[M-H]− I,
[M-2H]− II,

[M-2H]2− III,
m/z

MS/MS,
m/z

Group
a Compound [ref.] b Presence in Ripening

Stages c

8 4.22 89 I OA Oxalic acid S +/+/+

9 5.03 331 I 169, 125 GA 1-O-Galloyl glucose S [17] +/+/+

10 5.98 169 I GA Gallic acid S [17] +/+/+

11 6.71 783 I; 391 III 633, 481,
301 ET Pedunculagin S [18] +/+/+

12 7.03 161 I CO Umbelliferone S [19] +/+/+

13 7.43 353 I 191, 179,
173, 135 HC 4-O-Caffeoylquinic acid S [20] +/+/+

14 7.50 633 I 481, 331,
301 ET Strictinin S [18] +/+/+

15 7.58 353 I 191, 165 HC 5-O-Caffeoylquinic acid S [20] +/+/+ [15]

16 7.44 633 I 481, 331,
301 ET Strictinin isomer L [18] +/+/+

17 7.83 353 I 191, 179,
135 HC 3-O-Caffeoylquinic acid S [20] +/+/+

18 8.01 783 I; 391 III 633, 481,
301 ET Pedunculagin isomer L [18] +/+/+

19 8.85 577 I 289 PC Procyanidin B2 (catechin dimer) S [17] +/+/+

20 9.15 609 II 447, 285 CY Cyanidin 3-O-sophoroside S [21] −/+/+

21 9.48 577 I 289 PC Procyanidin B4 (catechin-epicatechin
dimer) S [17] +/+/+

22 9.67 593 II 431, 269 CY Pelargonidin di-O-hexoside L [21] −/+/+

23 10.14 289 I CT Catechin S [21] +/+/+ [14]
24 10.49 325 I 163, 119 HC p-Coumaric acid O-hexoside L [22] +/+/+

25 10.58 325 I 163, 119 HC p-Coumaric acid 4-O-glucoside S [22] +/+/+

26 10.79 593 II 447, 285 CY Cyanidin 3-O-rutinoside S [21] −/+/+

27 11.02 447 II 285 CY Cyanidin 3-O-glucoside S [21] −/+/+ [14]
28 11.14 577 II 431, 269 CY Pelargonidin 3-O-rutinoside S [21] −/+/+

29 11.52 431 II 269 CY Pelargonidin 3-O-glucoside S [21] +/+/+ [14]
30 12.01 933 I; 466 III 301 ET Castalagin S [18,23] +/+/+

31 12.11 865 I 577, 289 PC Procyanidin C2 (catechin trimer) S [17] +/+/+

32 12.63 593 II 447, 285 CY Cyanidin O-p-coumaroyl-O-hexoside L

[21]
−/+/+

33 12.78 935 I; 467 III 633, 463,
301 ET Casuarictin isomer [18] +/+/+

34 12.88 933 I; 466 III 301 ET Castalagin isomer L [18,23] +/+/+

35 13.09 1103 I; 551 III
951, 933,
783, 633,
481, 301

ET Sanguiin H2 S [18,24] +/+/+

36 13.41 865 I 577, 289 PC Procyanidin trimer (catechin/epicatechin
trimer) L [17] +/+/+

37 13.70 577 II 431, 269 CY Pelargonidin O-p-coumaroyl-O-hexoside
L [21] −/+/+

38 13.98 489 II 447, 285 CY Cyanidin O-acetyl-O-hexoside L [21] −/+/+

39 14.03 625 I 463, 301 FG Quercetin 3-O-sophoroside S [25] +/+/+

40 14.11 935 I; 467 III 633, 463,
301 ET Casuarictin isomer [18] +/+/+

41 14.51 433 I 301 ET Ellagic acid O-pentoside L [26,27] +/+/+

42 14.88 1567 I; 783 III 933, 633,
301 ET Sanguiin H10 S [18,24] +/+/+

43 15.01 447 I 301 ET Ellagic acid O-desoxyhexoside L [26,27] +/+/+

44 15.11 1103 I; 551 III
933, 783,
633, 481,

301
ET Sanguiin H2 isomer L [18,24] +/+/+

45 15.34 609 I 463, 301 FG Quercetin 3-O-rutinoside S [25] +/+/+ [15]

46 15.53 1869 I; 934 III

1567,
1265, 935,
783, 633,
481, 301

ET Sanguiin H6 isomer L [18,24] +/+/+

47 15.72 1401 III
1235, 933,
783, 633,

301
ET Lambertianin C S [18,24] +/+/+
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Table 1. Cont.

No. tR,
min

[M-H]− I,
[M-2H]− II,

[M-2H]2− III,
m/z

MS/MS,
m/z

Group
a Compound [ref.] b Presence in Ripening

Stages c

48 15.81 473 II 431, 269 CY Pelargonidin O-acetyl-O-hexoside L [21] −/+/+

49 15.94 463 I 301 FG Quercetin 3-O-glucoside S [25] +/+/+ [14]
50 16.02 477 I 301 FG Quercetin 3-O-glucuronide S [25] +/+/+

51 16.33 1103 I; 551 III
801, 783,
499, 481,
319, 301

ET Agrimonic acid A S [28] +/+/+

52 16.50 1869 I; 934 III

1701,
1567,
1265,

1085, 935,
783, 633,
481, 301

ET Sanguiin H6 S [18,24] +/+/+

53 16.71 301 I 229 ET Ellagic acid S [18] +/+/+ [14]

54 16.81 1103 I; 551 III
801, 783,
499, 481,
319, 301

ET Agrimonic acid B S [28] +/+/+

55 16.95 433 301 FG Quercetin 3-O-xyloside S [25] +/+/+

56 17.07 433 301 FG Quercetin 3-O-arabinoside S [25] +/+/+

57 17.41 593 I 447, 285 FG Kaempferol 3-O-rutinoside S [25] +/+/+

58 17.56 447 I 285 FG Kaempferol 3-O-glucoside S [25] +/+/+

59 17.92 461 I 285 FG Kaempferol 3-O-glucuronide S [25] +/+/+

60 18.21 609 I 463, 301 FG Quercetin
3-O-(6”-O-p-coumaroyl)-glucoside S [25] +/+/+

61 18.29 609 I 463, 301 FG Quercetin O-p-coumaroyl-O-hexoside L

[25]
+/+/+

62 18.50 1869 I; 934 III

1567,
1265,

1085, 935,
783, 633,
481, 301

ET Agrimoniin S [23,29] +/+/+

63 18.68 1018 III

1691,
1567,
1265,

1209, 935,
783, 633,
481, 301

ET Fragariin A L [23,29] +/+/+

64 19.06 549 I 463, 301 FG Quercetin O-malonyl-O-hexoside L

[30,31]
+/+/+

65 19.42 549 I 463, 301 FG Quercetin 3-O-(6”-O-malonyl)-glucoside
S [30,31] +/+/+

66 19.75 593 I 447, 285 FG Kaempferol
3-O-(6”-O-p-coumaroyl)-glucoside S [25] +/+/+

67 19.83 939 I
787, 635,
483, 331,

169
GA 1,2,3,4,6-Penta-O-galloylglucose S [17] +/+/+

68 20.39 533 I 447, 285 FG Kaempferol O-malonyl-O-hexoside L

[30,31]
+/+/+

69 20.82 533 I 447, 285 FG Kaempferol
3-O-(6”-O-malonyl)-glucoside S [30,31] +/+/+

70 21.83 505 I 463, 301 FG Quercetin 3-O-(2”-O-acetyl)-glucoside S

[32]
+/+/+

71 22.14 505 I 463, 301 FG Quercetin 3-O-(6”-O-acetyl)-glucoside S

[32]
+/+/+

72 22.67 489 I 447, 285 FG Kaempferol O-acetyl-O-hexoside L

[30–32]
+/+/+

73 23.52 489 I 447, 285 FG Kaempferol O-acetyl-O-hexoside L

[30–32]
+/+/+

74 24.21 301 I FG Quercetin S [25] +/+/+ [14]
75 24.78 811 I 649, 487 TR Tormentic acid di-O-hexoside L [16] +/+/+

76 25.34 285 I FG Kaempferol S [25] +/+/+

77 25.54 795 I 633, 471 TR Pomolic acid di-O-hexoside L [16] +/+/+

78 25.87 649 I 487 TR Tormentic acid O-hexoside L [16] +/+/+

79 26.41 547 I 505, 463,
301 FG Quercetin

3-O-(2”,6”-di-O-acetyl)-glucoside S [32] +/+/+
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Table 1. Cont.

No. tR,
min

[M-H]− I,
[M-2H]− II,

[M-2H]2− III,
m/z

MS/MS,
m/z

Group
a Compound [ref.] b Presence in Ripening

Stages c

80 27.52 591 I 549, 505,
463, 301 FG

Quercetin
O-acetyl-O-malonyl-O-hexoside L

[30–32]
+/+/+

81 27.73 487 I TR Tormentic acid S [16] +/+/+

82 27.89 461 I 315, 301 ET Ellagic acid O-methyl
ester-O-desoxyhexoside L [26,27] +/+/+

83 28.78 633 I 471 TR Pomolic acid O-hexoside L [16] +/+/+

84 29.14 695 I 609, 463,
301 FG

Quercetin
O-malonyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

85 29.49 695 I 609, 463,
301 FG

Quercetin
O-malonyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

86 29.57 475 I 329, 301 ET Ellagic acid di-O-methyl
ester-O-desoxyhexoside L [26,27] +/+/+

87 30.08 531 I 489, 447,
285 FG Kaempferol di-O-acetyl-O-hexoside L

[30–32]
+/+/+

88 30.41 651 I 609, 463,
301 FG

Quercetin
O-acetyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

89 30.92 575 I 533, 489,
447, 285 FG

Kaempferol
O-acetyl-O-malonyl-O-hexoside L

[30–32]
+/+/+

90 31.02 679 I 593, 447,
285 FG

Kaempferol
O-malonyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

91 31.22 471 I TR Pomolic acid S [16] +/+/+

92 31.38 679 I 593, 447,
285 FG

Kaempferol
O-malonyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

93 31.98 635 I 593, 447,
285 FG

Kaempferol
O-acetyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

94 32.86 693 I 651, 609,
463, 301 FG

Quercetin
di-O-acetyl-O-p-coumaroyl-O-hexoside L

[30–32]
+/+/+

95 34.26 737 I
695, 651,
609, 463,

301
FG

Quercetin
O-acetyl-O-malonyl-O-p-coumaroyl-O-hexoside

L [30–32]
+/+/+

a Groups of compounds: CO—coumarins; CR—carbohydrates; CY—anthocyanins; ET—ellagitannins;
FG—flavonols and flavonol glycosides; GA—gallic acid derivatives; HC—hydroxycinnamates; OA—organic
acids; PC—procyanidins; and TR—triterpenes. b Compound identification was based on comparison of retention
time, UV and MS spectral data with reference standard (S), or interpretation of UV and MS spectral data and
comparison with literature data (L). c Compounds were detected (+) or not (−) in unripe/intermediate ripe/fully ripe
F. viridis fruits; if compound was previously reported in F. viridis fruits, the reference no. is mentioned.

2.1.1. Carbohydrates

Two types of carbohydrates were discovered in F. viridis fruits including hexosyl-hexose (m/z 341; 1)
and hexose (m/z 179; 2). The HPLC-MS method used does not allow for identification of the nature of
carbohydrates, so we used the HPLC-DAD procedure demonstrating the presence of three compounds
identified as glucose, fructose, and saccharose (Figure S1), usual mono- and disaccharides of strawberry
fruits [2].

2.1.2. Organic Acids

Citric (3), malic (4), tartaric (5), fumaric (6), ascorbic (7), and oxalic acids (8) were the organic acids
found in F. viridis fruits. All mentioned compounds were shown previously in F. ananassa [33] and
F. vesca [34].
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2.1.3. Gallic Acid Derivatives

Gallic acid (10), 1-O-glucoside (9), and 1,2,3,4,6-penta-O-galloylglucose (67) were identified by
comparison with reference standards. Gallic acid derivatives and gallotannins are not typical phenolics
of Fragaria genus, but gallic acid is a metabolite found in F. ananassa [2] and compound 67 is detected in
F. ananassa fruits [35] and F. vesca leaves [36].

2.1.4. Ellagic Acid Derivatives and Ellagitannins

Ellagic acid (53), four ellagic acid glycosides (41, 43, 82, and 86), and eighteen
ellagitannins (11, 14, 16, 18, 30, 33–35, 40, 42, 44, 46, 47, 51, 52, 54, 62, and 63) were found in F. viridis
fruits. The ellagic acid glycosides were ellagic acid O-pentoside (41), ellagic acid O-desoxyhexoside (43),
ellagic acid O-methyl ester-O-desoxyhexoside (82), and ellagic acid di-O-methyl ester-O-desoxyhexoside
(86) due to the presence of ions with m/z 301 typical for ellagic acid derivatives [18,23] and the size of
loss particles with m/z 132 (O-pentose) or 146 (O-desoxyhexose) [16].

Known strawberry ellagitannins, lambertianin C (47), sanguiin H10 (42), sanguiin H6
(52; 46 as isomer), sanguiin H2 (35; 44 as isomer), and pedunculagin (11; 18 as isomer),
were identified using reference standards [18]. The literature data gave additional identification
of three Fragaria ellagitannin structures: strictinin (14 and 16), castalagin (30 and 34),
and casuarictin (33 and 40) [18]. Agrimoniin (62) gave typical ions of deprotonated fragment
[M-H]− (m/z 1869) and double-charged particle [M-2H]2− (m/z 934). The further MS/MS
fragmentation of molecule 62 demonstrated the loss of fragments of hexahydroxydiphenoyl
(HHDP; 302 Da), bis-HHDP-glucose (bis-HHDP-Glc; 784 Da), and galloyl-bis-HHDP-glucose
(Gall-bis-HHDP-Glc; 934 Da), creating a cascade of ions with m/z 1567 [(M-H)-HHDP]−,
1265 [(M-H)-2×HHDP]−, 1085 [(M-H)-(bis-HHDP-Glc)]−, 935 [(M-H)-(Gall-bis-HHDP-Glc)]−,
633 [(M-H)-(Gall-bis-HHDP-Glc)-HHDP]−, and 481 [((bis-HHDP-Glc)-H)-HHDP]− [23,29]. Agrimoniin
was previously identified as the main ellagitannin of strawberry fruits from F. vesca and F. ananassa [24]
and were found in F. viridis for the first time in this study. Compound 63 with a [M-2H]2− ion with
m/z 1018 gave the weak deprotonated ion [M-H]− (m/z 2037); after decarboxylation (−44 Da) and loss
of HHDP, gave the fragment with m/z 1691; and then degraded to fragments with m/z 1567 (loss of
trihydroxy benzene) and 1265 (loss of HHDP). The alternative pathway of fragmentation of the particle
with m/z 1691 led to the formation of de-HHDP-glucosylated ion with m/z 1209 and the fragments with
m/z 935 [Gall-bis-HHDP-Glc–H]−, 783 [(bis-HHDP-Glc)-H]−, 633 [((Gall-bis-HHDP-Glc)-H)-HHDP]−,
and 481 [((bis-HHDP-Glc)-H)-HHDP]−. The close mass spectrometric pattern gave the known
strawberry ellagitannin fragariin A found in F. ananassa and has the structure of galloylated derivative
of agrimoniin [29]. Two isomeric ellagitannins, 51 and 54, were identified as biogenetic relatives to
agrimoniin compounds, agrimonic acids A and B, respectively [28].

After all, only ellagic acid was mentioned previously as a component of F. viridis [14], indicating that
this is the first report describing the profile of ellagic acid derivatives from F. viridis fruits. Traditionally
used strawberries, such as F. ananassa and F. vesca, are a good source of ellagitannins and ellagic acid
glycosides [2,18]. Lambertianin C, saguiins, and agrimoniin were also found in many varieties of
cultivated strawberries, demonstrating their obligate position in the Fragaria metabolome [2,18,26,27].

2.1.5. Hydroxycinnamates and Coumarins

Four known hydroxycinnamates were identified by comparison with reference standards,
including 4-O-caffeoylquinic acid (13), 5-O-caffeoylquinic acid (15), 3-O-caffeoylquinic acid (17),
and p-coumaric acid 4-O-glucoside (25). Only 5-O-caffeoylquinic acid was previously found in
F. viridis [15]. Component 24 produced a deprotonated ion with m/z 325 and dehexosylated fragment
with m/z 163 characteristic for p-coumaric acid O-hexoside [22]. One coumarin umbelliferone (12) was
also identified by comparison with a reference standard.
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2.1.6. Catechins and Procyanidins

Catechin (23) and procyanidins B2 (19), B4 (21), and C2 (31) as well as an isomer to
31 catechin/epicatechin trimer 36 were detected in F. viridis fruits. Monomer 23 was already found in
whole plant F. viridis [14].

2.1.7. Anthocyanins

Derivatives of cyanidin (20, 26, 27, 32, and 38) and pelargonidin (22, 28, 29, 37, and 48) were
found in F. viridis fruits based on UV-Vis patterns (525–535 nm for cyanidins and 498–505 nm for
pelargonidins) and mass spectral behaviour of aglycone fragments (m/z 285 for cyanidins and
269 for pelargonidins). Five phenolics were identified after comparing spectra with reference
standards: cyanidin-3-O-sophoroside (20), cyanidin-3-O-rutinoside (26), cyanidin-3-O-glucoside (27),
pelargonidin-3-O-rutinoside (28), and pelargonidin-3-O-glucoside (29). Anthocyanin O-glucosides 27
and 29 are the most frequent phenolic pigments of Fragaria fruits [2,14,26], and O-rutinoside 28 was
found in F. ananassa [26]. Compound 22 gave an [M-2H]− ion with m/z 593 and two dehexosylated
fragments with m/z 431 [(M-2H)-hexose]− and 269 [(M-2H)-2×hexose]− and was determined as
pelargonidin di-O-hexoside. The closest phenolic to 22 is pelargonidin-3-O-sophoroside detected in
F. ananassa [27]. Two compounds, 32 and 37, have additional maxima in UV spectra at approximately
312 nm characteristic to acylic anthocyanins with p-coumaroyl fragments [37], and they were preliminary
determined as cyanidin O-p-coumaroyl-O-hexoside (32) and pelargonidin O-p-coumaroyl-O-hexoside
(37). Two mono-acetylated O-hexosides, 38 and 48, gave mass spectral ion fragments with m/z 42 and
162 and were identified as cyanidin O-acetyl-O-hexoside (38) and pelargonidin O-acetyl-O-hexoside
(48). The known acylated anthocyanins of Fragaria species traditionally have moieties of acetic and
malonic acids [2,26,27,34] so the p-coumaroyl esters of anthocyanins were found in Fragaria fruits for
the first time.

2.1.8. Flavonols

Flavonols were defined by their specific UV spectral patterns with absorption at 256/268/360 nm
for quercetin derivatives and 265/343 nm for kaempferol derivatives [17]. Thirty-four compounds were
flavonols found in F. viridis fruits including two aglycones—quercetin (74) and kaempferol (76)—and
32 glycosides with non-acylated and acylated fragments linked with carbohydrate moieties.

Quercetin glycosides were the most diverse group of F. viridis phenolics with 19 members,
some of which were identified using standard references. There are non-acylated
compounds, such as quercetin-3-O-sophoroside (39), quercetin-3-O-rutinoside (45; rutin),
quercetin-3-O-glucoside (49; isoquercitrin), quercetin-3-O-glucuronide (50; miquelianin),
quercetin-3-O-xyloside (55; reynoutrin), and quercetin-3-O-arabinoside (56; avicularin) as
well as acylated derivatives quercetin-3-O-(6′′-O-p-coumaroyl)-glucoside (60; helichrysoside),
quercetin-3-O-(6′′-O-malonyl)-glucoside (65), quercetin-3-O-(2′′-O-acetyl)-glucoside (70),
quercetin-3-O-(6′′-O-acetyl)-glucoside (71), and quercetin-3-O-(2′′,6′′-di-O-acetyl)-glucoside
(79). Compounds 45, 49, and 74 were reported in F. viridis by Raudonis et al. [14] and in F. ananassa by
many authors [26,27,35]. The remaining quercetin glycosides were acylated derivatives of quercetin
O-hexoside giving the same MS/MS fragments with m/z 463 (quercetin O-hexoside) and 301 (aglycone).
Compound 61 had [M-H]− at m/z 609 and MS/MS fragmentation close to 60, making it an isomer with
the most likely structure of quercetin O-p-coumaroyl-O-hexoside. Glycoside 64 gave deprotonated
ions with m/z 549 and is an isomer of quercetin 3-O-(6′′-O-malonyl)-glucoside (65) or quercetin
O-malonyl-O-hexoside.

A series of mixed O-acylated quercetin O-hexosides had higher retention times than quercetin.
Their specific MS patterns showed the loss of fragments with m/z 42 (acetyl), 86 (malonyl), and/or
146 (p-coumaroyl). Five combinations of acylated quercetin O-hexosides were found, such as
acetyl/malonyl (80), malonyl/p-coumaroyl (84 and 85), acetyl/p-coumaroyl (88), di-acetyl/p-coumaroyl
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(94), and acetyl/malonyl/p-coumaroyl (95). To date, there are no known analogues of compounds 80, 84,
85, 88, 94, and 95, but most likely, structures are quercetin-3-O-glucosides with a substituted glucose
moiety at positions 2′′, 3′′, 4′′, and 6′′.

Thirteen kaempferol glycosides were found in F. viridis fruits, and four were partially
identified using a comparison of tR, UV, and mass spectrometric data with reference
standards. There were kaempferol-3-O-rutinoside (57; nicotiflorin), kaempferol-3-O-glucoside
(58; astragalin), kaempferol-3-O-glucuronide (59), kaempferol-3-O-(6′′-O-p-coumaroyl)-glucoside
(66; tiliroside), and kaempferol-3-O-(6′′-O-malonyl)-glucoside (69). No kaempferol glycosides
were previously found in F. viridis, but other Fragaria species were reported to contain
compounds 57, 58, 59, and 66 (F. ananassa, F. vesca, and F. chiloensis) [2]. Non-mixed
acylated kaempferol O-hexosides were defined as kaempferol O-malonyl-O-hexosides (68),
kaempferol O-acetyl-O-hexosides (72,73), and kaempferol di-O-acetyl-O-hexoside (87). Among the
possible known analogs of observed flavonols, kaempferol-3-O-(2′′-O-malonyl)-glucoside (for 68),
kaempferol-3-O-(6′′-O-acetyl)-glucoside (for 72,73), and kaempferol-3-O-(3′′,4′′-di-O-acetyl)-glucoside
(for 87) should be mentioned [38]. Mixed acylated kaempferol O-hexosides were also found in F. viridis
extract and identified using the same principle as quercetin O-hexosides; these compounds include
kaempferol O-acetyl-O-malonyl-O-hexoside (89), kaempferol O-malonyl-O-p-coumaroyl-O-hexosides
(90 and 92), and kaempferol O-acetyl-O-p-coumaroyl-O-hexoside (93). Contrary to mixed
quercetin O-hexosides, there are some known variants of mixed kaempferol O-hexosides like
kaempferol-O-3-(3′′/4′′-O-acetyl-6′′-O-p-coumaroyl)-glucosides as an alternative for 93 [38].

2.1.9. Triterpenes

Six compounds were triterpenes, and two reference standard defined compounds were tormentic
acid (81) and pomolic acid (91). Both compounds are the usual Rosaceous metabolites [39,40] but
were not found in Fragaria fruits early studies. Glycosidic derivatives of 81 and 91 were described
as two O-hexosides, 78 and 83, and two di-O-hexosides, 75 and 77, and are unusual components of
strawberry fruits.

2.2. Quantitative Content and LS-MS Profile Variation of F. viridis Fruits during Ripening

We studied F. viridis fruits at three different stages of ripening, including unripe fruits, the stage of
technological ripeness (intermediate stage), and the stage of full ripeness (Table 2). The total simple
carbohydrate (mono- and disaccharides) content in F. viridis fruits varied from 41.14 mg/g in the
unripe stage to 45.17 mg/g in ripe fruits. The main components were monosaccharides, glucose,
and fructose, with a concentration of 41.10–45.16 mg/g responsible for the sweet taste of F. viridis
fruits. Monosaccharides are the dominant sugars of F. ananassa [33,41,42] and F. vesca [43], but in some
strawberry varieties, it happens that saccharose shows the highest content [34,44]. The sugar content
of F. ananassa fruits demonstrated the same trend during ripening, with the lowest content in unripe
fruits (3.61–4.45 mg/g) rising to the ripe stage with 4.82–8.20 mg/g [33], indicating the close character of
carbohydrates changing in strawberries.

The highest total content of organic acids was found in ripe fruits of F. viridis (7.88 mg/g) and
the lowest was found in the unripe stage (4.25 mg/g) including the greatest share of citric acid in
all stages of ripening (2.83–5.63 mg/g). The remaining organic acids were minor components with
concentration values 0.42–0.59 mg/g for malic acid, 0.37–0.42 mg/g for tartaric acid, 0.01–0.07 mg/g for
fumaric acid, and trace–0.05 mg/g for oxalic acid. This results in an increase in the acidity of F. viridis
fruits during ripening, which had a positive impact on strawberry taste. The domination of citric acid
was demonstrated previously in many F. ananassa cultivars grown in Slovenia (4.4–10.5 mg/g) [42],
Pakistan (12.0–14.3 mg/g) [33], and Turkey (5–10 mg/g) [45] as well as in F. vesca (5.6 mg/g) [34].
Moreover, the fruit development resulted in an increase in organic acids in strawberries [33],
and malic, tartaric, fumaric, and oxalic acids were the minor acids in other Fragaria fruits [33,34,45].
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Particularly noteworthy was the presence of a high level of ascorbic acid, up to 1.12 mg/g in ripe F. viridis
fruits, that was significantly more than found in F. vesca (0.4 mg/g) and F. ananassa (0.25–0.9 mg/g) [33,45].

Galic acid derivatives showed trace (gallic acid, 1,2,3,4,6-penta-O-galloylglucose) or low-level
content (1-O-galloyl glucose) without significant variation during ripening (0.04–0.05 mg/g). In contrast
to the gallic acid derivatives, hydroxycinnamates were important compounds of F. viridis fruits
with medium content although the amount decreased during ripening from 0.97 mg/g to 0.60 mg/g.
The highest level was found for the p-coumaric acid 4-O-glucoside (0.29–0.35 mg/g), its isomer 24
(0.08–0.14 mg/g), and 5-O-caffeoylquinic acid (0.14–0.28 mg/g). The early study of 5-O-caffeoylquinic
acid content variation in dry strawberries showed it ranging from 1.8 to 2.9 mg/g for F. vesca, from 1.2
to 1.7 mg/g for F. viridis, and from 0.7 to 1.8 mg/g for F. moschata [15]. The level of coumaroyl glycosides
in Norway F. ananassa cultivars varied from 0.02 mg/g to 0.14 mg/g with maximal content in fully ripe
fruits [25], which is different from our findings.

The most significant groups of phenolics with the highest content in all stages of maturity of
F. viridis fruits were ellagitannins and ellagic acid derivatives. The general rule of ellagitannin variation
in F. viridis fruits (with few exceptions) was decreasing content during ripening. This was particularly
manifested in dominant compounds of agrimoniin (2.63→1.41 mg/g), lambertianin C (1.86→1.20 mg/g),
fragariin A (0.93→0.63 mg/g), and sanguiin H6 (0.36→0.22 mg/g), where values were maximal in unripe
fruits. The decrease of ellagitannin level in strawberry fruits during development was previously
shown in some Norway cultivars of F. ananassa; the variation of agrimoniin content in Blink, Polka, and
Senga cultivars was 0.72→0.57, 0.66→0.58, and 0.68→0.55 mg/g, respectively [25]. The most drastic
fall in ellagitannin content, from 1.14 to 0.30 mg/g, was found in Italian cultivars of F. ananassa [18].
The most likely reason for the ellagitannin changes is due to increasing activity of specific enzymes,
such as tannases, reaching the highest values in ripening fruits [46].

This is further illustrated by the slight rising content of ellagic acid, some ellagic acid O-glycosides,
and low molecular weight ellagitannins (as pedunculagin, strictinin, castalagin, and casuarictin) that
can be considered the breakdown products of ellagitannin molecules, but of course, this issue needs to
be discussed additionally.

Catechins and procyanidins are compounds with medium levels in F. viridis fruits, for which
the total concentration decreased from unripe to the ripe stage (0.29→0.09 mg/g). The content of
major components showed the same behaviour, including catechin (0.11→0.05 mg/g), procyanidin B2
(0.09→0.02 mg/g), and procyanidin C2 (0.05→0.01 mg/g). Aaby et al. [25] reported similar data for 27
cultivars of F. ananassa for the content of catechin (0.02–0.08 mg/g), procyanidin dimers (0.05–0.16 mg/g),
and trimers (0.05–0.19 mg/g).

Anthocyanins, which are important phenolics of strawberries, were at a low level in F. viridis
characterized by slight red pigmentation of the outer layer of fruits and depigmented pulp. It is
for this reason that the unripe and pre-ripe fruits had trace anthocyanin content. In the ripe stage,
the domination of pelargonidin 3-O-glucoside (0.06 mg/g), cyanidin 3-O-glucoside (0.05 mg/g),
and pelargonidin 3-O-rutinoside (0.03 mg/g) was observed. The remaining pigments were found
in trace levels. Pelargonidin and cyanidin glycosides were also found as components of phenolic
pigments of all studied strawberries including F. ananassa [47], F. vesca, and F. moschata [14]. It is to
be expected that the ripening of strawberry fruits resulted in intense pigmentation caused by the
accumulation of anthocyanins, as in the case of Norway cultivars from 0.2 mg/g in the pre-ripe stage to
0.8 mg/g in fully ripe fruits of F. ananassa [25].

Table 2. Content of compounds in unripe, intermediate ripe, and fully ripe fruits of F. viridis, mg/g of
fresh fruit weight ± S.D.

Compound
Stage of Ripeness

Unripe Intermediate Ripe

Carbohydrates
Hexose (glucose+fructose) 41.10 ± 0.82 43.26 ± 0.90 45.16 ± 0.92
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Table 2. Cont.

Compound
Stage of Ripeness

Unripe Intermediate Ripe

Hexosyl-hexose (saccharose) 0.04 ± 0.00 0.06 ± 0.00 0.11 ± 0.00
Total carbohydrates 41.14 43.32 45.27

Organic acids
Ascorbic acid 0.62 ± 0.02 0.86 ± 0.02 1.12 ± 0.02

Citric acid 2.83 ± 0.06 3.18 ± 0.07 5.63 ± 0.11
Malic acid 0.42 ± 0.01 0.45 ± 0.01 0.59 ± 0.02

Tartaric acid 0.37 ± 0.01 0.40 ± 0.01 0.42 ± 0.01
Fumaric acid 0.01 ± 0.00 0.03 ± 0.00 0.07 ± 0.00
Oxalic acid traces traces 0.05 ± 0.00

Total organic acids 4.25 4.92 7.88
Gallic acid derivatives

Gallic acid traces 0.01 ± 0.00 0.01 ± 0.00
1-O-Galloyl glucose 0.05 ± 0.00 0.03 ± 0.00 0.03 ± 0.00

1,2,3,4,6-Penta-O-galloylglucose traces traces traces
Total gallic acid derivatives 0.05 0.04 0.04

Hydroxycinnamates and coumarins
p-Coumaric acid 4-O-glucoside 0.35 ± 0.01 0.33 ± 0.01 0.29 ± 0.00
p-Coumaric acid O-hexoside 24 0.14 ± 0.00 0.11 ± 0.00 0.08 ± 0.00

3-O-Caffeoylquinic acid 0.12 ± 0.00 0.08 ± 0.00 0.04 ± 0.00
4-O-Caffeoylquinic acid 0.08 ± 0.00 0.07 ± 0.00 0.05 ± 0.00
5-O-Caffeoylquinic acid 0.28 ± 0.00 0.21 ± 0.00 0.14 ± 0.00

Umbelliferone traces traces traces
Total hydroxycinnamates and coumarins 0.97 0.80 0.60
Ellagic acid derivatives and ellagitannins

Ellagic acid 0.10 ± 0.00 0.10 ± 0.00 0.12 ± 0.00
Ellagic acid O-pentoside 41 0.05 ± 0.00 0.09 ± 0.00 0.11 ± 0.00

Ellagic acid O-desoxyhexoside 43 0.01 ± 0.00 0.04 ± 0.00 0.07 ± 0.00
Ellagic acid O-methyl ester-O-desoxyhexoside 82 0.14 ± 0.00 0.16 ± 0.00 0.24 ± 0.00

Ellagic acid di-O-methyl ester-O-desoxyhexoside 86 0.10 ± 0.00 0.18 ± 0.00 0.30 ± 0.00
Pedunculagin 0.26 ± 0.00 0.30 ± 0.01 0.32 ± 0.01

Pedunculagin isomer 18 0.05 ± 0.00 0.07 ± 0.00 0.11 ± 0.00
Strictinin isomer 14 0.10 ± 0.00 0.10 ± 0.00 0.12 ± 0.00
Strictinin isomer 16 0.11 ± 0.00 0.12 ± 0.00 0.18 ± 0.00

Castalagin isomer 30 traces 0.02 ± 0.00 0.04 ± 0.00
Castalagin isomer 34 traces traces 0.01 ± 0.00
Casuarictin isomer 33 traces traces 0.02 ± 0.00
Casuarictin isomer 40 0.06 ± 0.00 0.08 ± 0.00 0.14 ± 0.00

Sanguiin H2 traces 0.01 ± 0.00 0.05 ± 0.00
Sanguiin H2 isomer 44 0.09 ± 0.00 0.05 ± 0.00 0.02 ± 0.00

Sanguiin H6 0.36 ± 0.01 0.25 ± 0.00 0.22 ± 0.00
Sanguiin H6 isomer 46 0.45 ± 0.01 0.43 ± 0.01 0.40 ± 0.01

Sanguiin H10 0.21 ± 0.00 0.15 ± 0.00 0.08 ± 0.00
Lambertianin C 1.86 ± 0.04 1.42 ± 0.03 1.20 ± 0.02

Agrimonic acid A 0.02 ± 0.00 0.05 ± 0.00 0.08 ± 0.00
Agrimonic acid B 0.01 ± 0.00 0.03 ± 0.00 0.10 ± 0.00

Agrimoniin 2.63 ± 0.05 2.03 ± 0.04 1.41 ± 0.03
Fragariin A 0.93 ± 0.02 0.69 ± 0.02 0.63 ± 0.01

Total ellagic acid derivatives and ellagitannins 7.54 6.37 5.97
Catechins and procyanidins

Catechin 0.11 ± 0.00 0.05 ± 0.00 0.05 ± 0.00
Procyanidin B2 0.09 ± 0.00 0.05 ± 0.00 0.02 ± 0.00
Procyanidin B4 0.02 ± 0.00 0.01 ± 0.00 traces
Procyanidin C2 0.05 ± 0.00 0.03 ± 0.00 0.01 ± 0.00

Procyanidin trimer 36 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Total catechins and procyanidins 0.29 0.15 0.09

Anthocyanins
Pelargonidin 3-O-glucoside traces 0.02 ± 0.00 0.06 ± 0.00
Pelargonidin 3-O-rutinoside n.d. n.d. 0.03 ± 0.00

Pelargonidin di-O-hexoside 22 n.d. n.d. traces
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Table 2. Cont.

Compound
Stage of Ripeness

Unripe Intermediate Ripe

Pelargonidin O-acetyl-O-hexoside 48 n.d. n.d. traces
Pelargonidin O-p-coumaroyl-O-hexoside 37 n.d. n.d. traces

Cyanidin 3-O-glucoside n.d. 0.01 ± 0.00 0.05 ± 0.00
Cyanidin 3-O-rutinoside n.d. n.d. traces

Cyanidin 3-O-sophoroside n.d. n.d. traces
Cyanidin O-acetyl-O-hexoside 38 n.d. n.d. traces

Cyanidin O-p-coumaroyl-O-hexoside 32 n.d. n.d. traces
Total anthocyanins traces 0.03 0.14

Flavonols and flavonol glycosides
Kaempferol traces traces 0.01 ± 0.00

Kaempferol 3-O-glucoside traces 0.05 ± 0.00 0.09 ± 0.00
Kaempferol 3-O-glucuronide traces traces 0.08 ± 0.00
Kaempferol 3-O-rutinoside 0.28 ± 0.00 0.23 ± 0.00 0.11 ± 0.00

Kaempferol O-acetyl-O-hexoside 72 traces traces traces
Kaempferol O-acetyl-O-hexoside 73 traces traces traces

Kaempferol di-O-acetyl-O-hexoside 87 traces traces traces
Kaempferol O-malonyl-O-hexoside 68 0.01 ± 0.00 traces traces
Kaempferol O-malonyl-O-hexoside 69 0.02 ± 0.00 0.01 ± 0.00 traces

Kaempferol 3-O-(6”-O-p-coumaroyl)-glucoside 0.08 ± 0.00 0.04 ± 0.00 0.04 ± 0.00
Kaempferol O-acetyl-O-malonyl-O-hexoside 89 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00

Kaempferol O-malonyl-O-p-coumaroyl-O-hexoside 90 traces traces traces
Kaempferol O-malonyl-O-p-coumaroyl-O-hexoside 92 traces traces traces

Kaempferol O-acetyl-O-p-coumaroyl-O-hexoside 93 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Total kaempferol derivatives 0.42 0.35 0.35

Quercetin traces traces 0.02 ± 0.00
Quercetin 3-O-xyloside traces traces 0.03 ± 0.00

Quercetin 3-O-arabinoside traces traces 0.01 ± 0.00
Quercetin 3-O-glucoside traces 0.04 ± 0.00 0.08 ± 0.00

Quercetin 3-O-glucuronide traces 0.05 ± 0.00 0.11 ± 0.00
Quercetin 3-O-rutinoside 0.32 ± 0.00 0.28 ± 0.00 0.25 ± 0.00

Quercetin 3-O-sophoroside 0.11 ± 0.00 0.08 ± 0.00 0.03 ± 0.00
Quercetin 3-O-(2”-O-acetyl)-glucoside 0.06 ± 0.00 0.03 ± 0.00 0.01 ± 0.00
Quercetin 3-O-(6”-O-acetyl)-glucoside 0.03 ± 0.00 0.02 ± 0.00 0.02 ± 0.00

Quercetin 3-O-(2”,6”-di-O-acetyl)-glucoside 0.03 ± 0.00 0.01 ± 0.00 0.01 ± 0.00
Quercetin 3-O-(6”-O-malonyl)-glucoside 0.04 ± 0.00 0.04 ± 0.00 0.02 ± 0.00

Quercetin O-malonyl-O-hexoside 64 0.01 ± 0.00 traces traces
Quercetin 3-O-(6”-O-p-coumaroyl)-glucoside 0.11 ± 0.00 0.06 ± 0.00 0.05 ± 0.00

Quercetin O-p-coumaroyl-O-hexoside 61 0.02 ± 0.00 0.02 ± 0.00 0.01 ± 0.00
Quercetin O-acetyl-O-malonyl-O-hexoside 80 0.01 ± 0.00 0.01 ± 0.00 traces

Quercetin O-malonyl-O-p-coumaroyl-O-hexoside 84 0.02 ± 0.00 0.01 ± 0.00 traces
Quercetin O-malonyl-O-p-coumaroyl-O-hexoside 85 0.01 ± 0.00 0.01 ± 0.00 traces

Quercetin O-acetyl-O-p-coumaroyl-O-hexoside 88 0.01 ± 0.00 traces traces
Quercetin di-O-acetyl-O-p-coumaroyl-O-hexoside 94 traces traces traces

Quercetin
O-acetyl-O-malonyl-O-p-coumaroyl-O-hexoside 95 0.04 ± 0.00 0.02 ± 0.00 0.01 ± 0.00

Total quercetin derivatives 0.82 0.68 0.66
Total flavonols and flavonol glycosides 1.24 1.03 1.01

Triterpenes
Pomolic acid traces traces 0.01 ± 0.00

Pomolic acid O-hexoside 83 traces traces traces
Pomolic acid di-O-hexoside 77 traces traces traces

Tormentic acid traces traces 0.02 ± 0.00
Tormentic acid O-hexoside 78 traces traces 0.01 ± 0.00

Tormentic acid di-O-hexoside 75 traces traces traces
Total triterpenes traces traces 0.04
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The total concentration of flavonols in F. viridis demonstrated decreasing levels during fruit
development from 1.24 mg/g in unripened fruits to 1.01 mg/g in ripened fruits. Quercetin derivatives
(0.66–0.82 mg/g) prevailed over kaempferol derivatives (0.35–0.42 mg/g) in all stages of ripening;
this was also found in F. ananassa (0.01–0.05 mg/g for quercetin derivatives vs. 0.01–0.02 mg/g for
kaempferol derivatives) [9]. The main components of flavonol complex of F. viridis were quercetin
3-O-rutinoside (0.25–0.32 mg/g) and kaempferol 3-O-rutinoside (0.11–0.28 mg/g), followed by two
acylated compounds: quercetin 3-O-(6”-O-p-coumaroyl)-glucoside (0.05–0.11 mg/g) and kaempferol
3-O-(6”-O-p-coumaroyl)-glucoside (0.04–0.08 mg/g). The gradual decline of flavonoid concentration
was found for flavonol di-O-glycosides and acylated flavonol O-glycosides in contrast to aglycones
and flavonol mono-O-glycosides accumulated in ripe fruits. Again, the variation of enzymatic activity
of hydrolases may be relevant in the progress of F. viridis fruits ripening. This phenomenon has not
been mentioned previously in any strawberries and needs additional experimental data to confirm
this finding.

Triterpenes found in F. viridis fruits were trace compounds, but despite this, the quantifiable
levels of tormentic acid, its O-hexoside, and pomolic acid were found in the stage of full ripening.
The variation of triterpenoids in any Fragaria species was not discussed previously, but it is known that
the accumulation of triterpenoids reaches the maximal level in the fully ripe stage of fruits; this was
also declared for Chardonnay grape [48], olive fruits [49], and tomato [50].

2.3. Antioxidant Potential of F. viridis Fruits: Comparision with Other Strawberries

The activity of fruit total extracts of F. viridis in three stages of ripening was studied in
four antioxidant assays including the scavenging capacity against 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH), and 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radical (ABTS),
ferric reducing antioxidant power (FRAP), and oxygen radical absorbance capacity (ORAC) (Table 3).
In comparison, the activity of two extracts from commercially available ripe fruits of F. vesca
(wild strawberry, Regina cultivar) and F. ananassa (garden strawberry, Senga Sengana cultivar) was also
studied. Both species are much more common strawberries, and their antioxidant potential has been
analysed many times [2].

Table 3. Antioxidant activity of Fragaria extracts in four assays, µM trolox-eq./g of dry weight ± S.D.

Assay a
F. viridis

F. vesca (Ripe) F. ananassa (Ripe)
Unripe Intermediate Ripe

DPPH 29.2 ± 0.6 d,e 28.4 ± 0.5 c 27.5 ± 0.5 c,d 15.2 ± 0.3 b 9.3 ± 0.2 a

ABTS 35.1 ± 0.8 h,i 35.3 ± 0.8 h 36.2 ± 0.9 i 19.7 ± 0.4 f,g 14.7 ± 0.3 f

FRAP 42.6 ± 1.0 l 45.4 ± 1.0 l,m 47.1 ± 1.0 m 27.1 ± 0.5 k 21.1 ± 0.4 j

ORAC 33.6 ± 0.8 p,q 32.8 ± 0.7 o,p 33.0 ± 0.8 p 25.1 ± 0.5 n,o 18.9 ± 0.4 n

a DPPH—scavenging capacity against 2,2-diphenyl-1-picrylhydrazyl radical; ABTS—scavenging capacity against
2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radical; FRAP—ferric reducing antioxidant power;
and ORAC—oxygen radical absorbance capacity. Averages ± standard deviation (S.D.) were obtained from five
different experiments. Values with different letters (a–q) indicate statistically significant differences among groups
at p < 0.05 by one-way ANOVA.

The extracts of F. viridis fruits in all stages of ripening were effective radical scavengers against
both radicals DPPH and ABTS. Variations of the antioxidant potential values were 27.53–29.18 µM
trolox-eq./g in the DPPH assay and 35.07–36.22 µM trolox-eq./g in the ABTS assay, while the more
active scavenger in the DPPH assay was the extract of unripe fruits and the ABTS assay gave the extract
of ripe fruits as more active. The extracts of F. vesca and F. ananassa were less effective in DPPH/ABTS
scavenging assays with values of trolox-equivalent content 15.21/19.73 and 9.33/14.67 µM/g, respectively.
An early research of F. ananassa extracts in the DPPH assay showed a wide range of fluctuation of
antiradical activity from 9.75–12.83 µM BHT-eq./g for Brazil cultivars [4] to 3.00–13.15 µM trolox-eq./g
for Polish cultivars [10]. Sikmilar characteristics were found for ABTS assay data varying from
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1.50–2.27 µM trolox-eq./g for Japan varieties [51] to 7.06–29.73 µM trolox-eq./g for Polish cultivars [10].
Raudonis et al. [14] analysed the activity of F. vesca and F. moschata extracts using HPLC-assisted ABTS
assay, which gave the values of protection 25.11 and 8.24 µM trolox-eq./g, respectively.

The FRAP assay is one of the most popular assays to estimate antioxidant activity for analysis of
edible fruits, and strawberries are not an exception. The level of ferric reducing antioxidant power of F.
viridis extracts was high and increased during fruit ripening from 42.63 µM trolox-eq./g in the unripe
stage to 47.11 µM trolox-eq./g in ripe fruit extract. The parameters of F. vesca (27.14 µM trolox-eq./g) and
F. ananassa (21.06 µM trolox-eq./g) extracts were lower but close to known data (24.84 µM trolox-eq./g
for F. vesca [14]). The level of antioxidant activity in the ORAC assay for F. viridis fruit extracts was
similar to ABTS data and slightly decreased in ripening progress from 33.62 µM trolox-eq./g (unripe
fruits) to 32.98 µM trolox-eq./g (ripe fruits). The ORAC data of F. vesca extract 25.05 µM trolox-eq./g was
higher than for F. ananassa extract (18.87 µM trolox-eq./g) but at a level lower than F. viridis. The known
information about ORAC potential of strawberries demonstrated high effectiveness of anthocyanins
fraction of F. ananassa (2.7–24.46 mM trolox-eq./g) [52], opposite the activity of the total fruit extract
(8.90–16.63 µM trolox-eq./g) [53].

Applying the DPPH-radical scavenging-assisted HPLC-PDA-ESI-tQ-MS assay, we identified
the compounds responsible for the antioxidant defence of F. viridis extracts. For that to happen,
an aliquot of the total extract was separated with chromatography and portions of the eluates were
collected. A part of the eluates was used for the DPPH decolouration assay, and the remainder were
used for HPLC-PDA-ESI-tQ-MS assay for the qualitative confirmation of compounds (Figure S2).
The results showed that the majority of compounds found in F. viridis were involved in the
process of radical scavenging (most likely because of their phenolic nature), but 12 sites of elution
gave more pronounced decolouration of the DPPH solution. There were ascorbic acid, ellagic
acid, five ellagitannins (pedunculagin, sanguiin H6, lambertianin C, agrimoniin, and fragariin A),
two anthocyanins (pelargonidin 3-O-glucoside, and cyanidin 3-O-glucoside), and three flavonols
(quercetin 3-O-glucoside, quercetin 3-O-glucuronide, and quercetin 3-O-rutinoside). Three compounds,
ascorbic acid, lambertianin C, and agrimoniin, were the most active due to their high content so they
were the principal antioxidants of F. viridis fruits.

In brief, the information obtained in four in vitro assays demonstrates the high effectiveness of
F. vesca fruit extracts as antioxidant agents, exceeding the activity of two well-known strawberries:
F. vesca and F. ananassa. In light of the obtained results about the activity of F. vesca fruits, checking its
usefulness in antioxidant protection of the human organisms was considered. To this end, this was
done by pilot experiment by analysing total antioxidant capacity (TAC) of blood serum of healthy
male volunteers after a 1-week intake of F. viridis fresh ripe fruits at doses of 100, 250, and 400 g/day.
The level of TAC before F. vesca fruit intake was 510–516 µM trolox-eq./L. The week-long consumption
of F. viridis fresh fruits gave a statistically significant increase of serum TAC level in all dose groups up
to 524, 544, and 557 µM trolox-eq./L, respectively, for groups with 100, 250, and 400 g/day consumption
(Figure 3).

By comparison, the results of F. vesca and F. ananassa fruit groups (both 250 g/day) were also
positive—the consumption of both kinds of strawberries resulted in increases in serum TAC levels,
but to a lesser degree (535 µM trolox-eq./L for F. vesca, 525 µM trolox-eq./L for F. ananassa).

This illustrates the good antioxidant potential of F. viridis fruits in any dose applied. To date,
it is known that the consumption of F. ananassa resulted in increases in serum TAC by 7–25% [54].
The possible reasons for that phenomenon may be an increase in human serum of strawberry-related
metabolites such as pelargonidin-glucuronide, urolithin A-glucuronide [55] and p-hydroxybenzoic
acid [56] possessing high antioxidant potential and also the rising of serum antioxidants (glutathione)
and serum level of antioxidant enzyme activity (catalase, glutathione peroxidase, and glutathione
reductase) [57]. The metabolite profile of F. viridis is qualitatively and quantitatively close to F. ananassa;
therefore, it is logical to assume that the increase of serum TAC after F. viridis consumption is caused
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by enhancement of the serum level of antioxidant metabolites of phenolic nature, serum antioxidants,
and antioxidant enzymes.
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Figure 3. Changes in serum total antioxidant capacity (TAC) before (B) and after (A) 1-week intake
of Fragaria fresh ripe fruits (group 1—F. viridis, 100 g/day, n = 5; group 2—F. viridis, 250 g/day, n = 5;
group 3—F. viridis, 400 g/day, n = 5; group 4—F. vesca, 250 g/day, n = 4; and group 5—F. ananassa,
250 g/day, n = 6) and 10 g/day fructose (group 6, control group; n = 3). * p < 0.05 vs. control group after
intake; ** p < 0.05 vs. same group before intake.

2.4. Storage Stability of Antioxidants and Antioxidant Potential of F. viridis Ripe Fruits

Twenty compounds with the most pronounced antioxidant effects were quantified in F. viridis
fruits in two series of storage experiments (Table 4). Primarily, we studied the change in concentration
of ripe fruits stored at two temperatures, 4 ◦C (cool temperature) and 20 ◦C (room temperature),
to define the stability of antioxidants in fresh fruits for a short period.

Results from HPLC data show that the storage of ripe F. viridis fruits at 4 ◦C caused a
decrease of ascorbic acid content by 55.2% (1.14→0.51 mg/g), anthocyanin content by 28.6–60.0%
(0.07→0.05 mg/g for pelargonidin 3-O-glucoside and 0.05→0.02 mg/g for cyanidin-3-O-glucoside),
ellagitannin polymers content by 20.4–26.2% (1.26→0.93 mg/g for lambertianin C, 1.47→1.17 mg/g
for agrimoniin, and 0.65→0.51 mg/g for fragariin A), and quercetin 3-O-rutinoside content by 16.7%
(0.24→0.20 mg/g). There has also been an increase in the concentration of ellagic acid by 90%
(0.10→0.19 mg/g), ellagitannin monomers and dimers by 17.5–25.0% (0.33→0.40 mg/g for pedunculagin
and 0.20→0.25 mg/g for sanguiin H6), and flavonol monoglucosides by 10.0–13.3% (0.10→0.11 mg/g for
quercetin 3-O-glucoside and 0.15→0.17 mg/g for quercetin 3-O-glucuronide). As a result of chemical
changes, the reduction of bioactivity of fruits was also observed, and the loss of total antioxidant
potential was 20.6% (4.12→3.27 µmol trolox-eq./g).

The seven-day storage of ripe F. viridis fruits at 4 ◦C and three-day storage at 20 ◦C were the
maximal periods of storage without external damage (browning, rotting, untypical smell, and taste) [58].

The storage of fresh F. viridis fruits at room temperature (20 ◦C) resulted in more drastic changes
within a shorter period. The level of ascorbic acid declined from 1.14 mg/g to 0.36 mg/g (68.4%) for
three days; additionally, anthocyanins became a trace compound. The strong reduction of content was
detected for the polymeric ellagitannins, lambertianin C (42.6%), agrimoniin (36.7%), and fragariin
A (66.2%) in opposition to ellagic acid, pedunculagin, and sanguiin H6, which increased at 150.0,
48.5, and 50.0%, respectively. The flavonoid biocide quercetin 3-O-rutinoside showed a statistically
significant decrease of content from 0.24 mg/g to 0.18 mg/g (25%) coupled with a rising level of quercetin
3-O-glucoside and quercetin 3-O-glucuronide.
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Table 4. Content of selected antioxidants in ripe fruits of F. viridis (mg/g of fresh fruit weight ± S.D.) and
its total antioxidant potential (coulometric titration assay; µmol trolox-eq./g of fresh fruit weight ± S.D.)
after storage at 4 ◦C (1 week) and 20 ◦C (3 days).

Compound T, ◦C
Day of Storage

0 1 2 3 4 5 6 7

Ascorbic acid
4 1.14 ±

0.02

1.02 ±
0.02

0.95 ±
0.02

0.89 ±
0.02

0.86 ±
0.02

0.73 ±
0.02

0.55 ±
0.02

0.51 ±
0.02

20 0.85 ±
0.02

0.54 ±
0.01

0.36 ±
0.01 n.a. n.a. n.a. n.a.

Ellagic acid
4 0.10 ±

0.00

0.10 ±
0.00

0.10 ±
0.00

0.12 ±
0.00

0.14 ±
0.00

0.15 ±
0.00

0.17 ±
0.00

0.19 ±
0.00

20 0.10 ±
0.00

0.12 ±
0.00

0.25 ±
0.00 n.a. n.a. n.a. n.a.

Pedunculagin
4 0.33 ±

0.01

0.34 ±
0.01

0.34 ±
0.01

0.35 ±
0.01

0.35 ±
0.01

0.38 ±
0.01

0.38 ±
0.01

0.40 ±
0.01

20 0.35 ±
0.01

0.38 ±
0.01

0.49 ±
0.01 n.a. n.a. n.a. n.a.

Sanguiin H6
4 0.20 ±

0.00

0.20 ±
0.00

0.20 ±
0.00

0.21 ±
0.00

0.22 ±
0.00

0.24 ±
0.00

0.25 ±
0.00

0.25 ±
0.00

20 0.20 ±
0.00

0.21 ±
0.00

0.30 ±
0.00 n.a. n.a. n.a. n.a.

Lambertianin C
4 1.26 ±

0.02

1.24 ±
0.02

1.20 ±
0.02

1.15 ±
0.02

1.11 ±
0.02

0.99 ±
0.02

0.97 ±
0.02

0.93 ±
0.02

20 1.04 ±
0.02

0.90 ±
0.02

0.72 ±
0.02 n.a. n.a. n.a. n.a.

Agrimoniin
4 1.47 ±

0.03

1.45 ±
0.03

1.40 ±
0.03

1.37 ±
0.03

1.35 ±
0.03

1.25 ±
0.02

1.22 ±
0.02

1.17 ±
0.02

20 1.33 ±
0.03

1.08 ±
0.02

0.93 ±
0.02 n.a. n.a. n.a. n.a.

Fragariin A
4 0.65 ±

0.02

0.65 ±
0.02

0.62 ±
0.02

0.60 ±
0.02

0.59 ±
0.01

0.55 ±
0.01

0.53 ±
0.02

0.51 ±
0.01

20 0.42 ±
0.01

0.34 ±
0.01

0.22 ±
0.00 n.a. n.a. n.a. n.a.

Pelargonidin
3-O-glucoside

4 0.07 ±
0.00

0.07 ±
0.00

0.07 ±
0.00

0.07 ±
0.00

0.06 ±
0.00

0.06 ±
0.00

0.05 ±
0.00

0.05 ±
0.00

20 0.04 ±
0.00

0.02 ±
0.00 traces n.a. n.a. n.a. n.a.

Cyanidin
3-O-glucoside

4 0.05 ±
0.00

0.05 ±
0.00

0.05 ±
0.00

0.04 ±
0.00

0.04 ±
0.00

0.02 ±
0.00

0.02 ±
0.00

0.02 ±
0.00

20 0.02 ±
0.00 traces traces n.a. n.a. n.a. n.a.

Quercetin
3-O-glucoside

4 0.10 ±
0.00

0.10 ±
0.00

0.10 ±
0.00

0.10 ±
0.00

0.10 ±
0.00

0.10 ±
0.00

0.11 ±
0.00

0.11 ±
0.00

20 0.10 ±
0.00

0.11 ±
0.00

0.12 ±
0.00 n.a. n.a. n.a. n.a.

Quercetin
3-O-glucuronide

4 0.15 ±
0.00

0.15 ±
0.00

0.15 ±
0.00

0.16 ±
0.00

0.17 ±
0.00

0.17 ±
0.00

0.17 ±
0.00

0.17 ±
0.00

20 0.15 ±
0.00

0.15 ±
0.00

0.17 ±
0.00 n.a. n.a. n.a. n.a.

Quercetin
3-O-rutinoside

4 0.24 ±
0.00

0.24 ±
0.00

0.24 ±
0.00

0.24 ±
0.00

0.24 ±
0.00

0.22 ±
0.00

0.21 ±
0.00

0.20 ±
0.00

20 0.24 ±
0.00

0.20 ±
0.00

0.18 ±
0.00 n.a. n.a. n.a. n.a.

Total antioxidant
potential

4 4.12 ±
0.09

4.10 ±
0.08

4.07 ±
0.08

4.02 ±
0.08

3.97 ±
0.08

3.86 ±
0.08

3.59 ±
0.07

3.27 ±
0.07

20 2.88 ±
0.05

1.72 ±
0.04

0.52 ±
0.02 n.a. n.a. n.a. n.a.

n.a.—not analyzed.
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The parameter of total antioxidant potential decreased from 4.12 to 0.52 µmol trolox-eq./g or
87.4% less antioxidant potential. Postharvest storage of ripe fruits is inextricably linked to senescence
causing changes in biochemical profiles, biomolecules and polymers degradation, cell dysfunction and
disintegration, and the leaking of enzymes [58]. Not long after, the fruits begin rotting, which reduces its
alimentary value. In our study, the ripe F. viridis fruits after storage showed negative changes in content
of ascorbic acid and anthocyanins, which are environmentally unstable plant compounds diminished
in light and high humidity [59,60], just like polymeric ellagitannins and rutin typically degrading after
contact with oxygen and esterase-like enzymes [61,62]. The preservative value of cool temperature
(4 ◦C) was higher than room temperature (20 ◦C), saving antioxidants and the antioxidant potential of
fruits longer. The decrease in phenolic compounds and ascorbic acid content in strawberries was shown
in the number of papers. Anthocyanin content decreased in F. ananassa fruits during refrigerated storage
at 4 ◦C in cultivars Camarosa (385→46 mg/kg) [63,64] and Elsanta (40→20 mg/g) [65]. The ascorbic acid
level was also unstable at 0–20 ◦C with a loss of about 40% (cultivars Dover, Campineiro, and Mazi) [3]
or more (cultivar Camarosa) [63]. The content of ellagic acid and flavonol monoglucosides in cool
storage (5 ◦C) of F. ananassa fruits tends to rise as in the Selva cultivar from 19.9 to 26.8 µg/g for
ellagic acid, from 40.1 to 44.1 µg/g for quercetin derivatives, and from 13.7 to 15.8 µg/g for kaempferol
derivatives [66]. Our findings revealed that various strawberries (F. viridis and F. ananassa) have the
same response during storage at cool and room temperature conditions.

3. Materials and Methods

3.1. Plant Materials and Chemicals

Samples of Fragaria viridis fruits were collected in Sakha (Yakutia) Republic (Aldanskii
ulus, 58◦37′27.1′′ N, 125◦17′17.5′′ E, 15–25 July 2019) in three ripening stages (unripe—green
fruits, intermediate ripe—half red fruits, and fully ripe—red fruits). The species was
authenticated by N.I. Kashchenko (IGEB SB RAS, Ulan-Ude, Russia). The fruits were
conditioned in plastic boxes and transported to the laboratory at 4 ◦C within 2–3 h.
The ripe fruits of F. vesca (Regina cultivar) and F. ananassa (Senga Sengana cultivar) were
purchased via a local market. The reference compounds were purchased from BioCrick
(Chengdu, PRC), BOC Sciences (Shirley, NY, USA), Carbosynth Ltd. (Compton, UK), ChemFaces
(Wuhan, PRC), Extrasynthese (Lyon, France), Funakoshi Co. Ltd. (Tokyo, Japan), Sigma-Aldrich
(St. Louis, MO, USA), Toronto Research Chemicals (North York, ON, Canada), and TransMIT
GmbH (Gießen, Germany) (Table S1). Ellagitannins sanguiins H2, H6, and H10; agrimonic
acids A and B; and agrimoniin were isolated previously in our laboratory from Rosaceous
species (purity 90–95%) [28,67,68], and flavonols quercetin 3-O-(2”-O-acetyl)-glucoside, quercetin
3-O-(2”-O-acetyl)-glucoside, and quercetin 3-O-(2”,6”-di-O-acetyl)-glucoside were isolated from
Calendula officinalis [32]. Selected chemicals were from Sigma-Aldrich—acetonitrile for HPLC (Cat.
No 34851, ≥99.9%), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (Cat.
No A1888, ≥98%), 2,2′azobis(2-methylpropionamidine) dihydrochloride (Cat. No 440914, ≥97%),
2,2-diphenyl-1-picrylhydrazyl radical (Cat. No 281689, ≥97%), formic acid (Cat. No 33015, ≥98%),
fructose (Cat. No 47739, ≥99%), hydrogen peroxide (Cat. No H1009, ≥30%), methanol (Cat. No 322415,
≥99.8%), myoglobin (Cat. No M0630, ≥95%), potassium bromide (Cat. No 243418, ≥99%), sulphuric
acid (Cat. No 339741, ≥99%), 2,4,6-tri(2-pyridyl)-1,3,5-triazine (Cat. No 93285, ≥99%), and trolox (Cat.
No 238813, ≥97%).

3.2. Total Extract Preparation from Fragaria Fruits

For preparation of the total extract of Fragaria fruits, the fresh material was homogenized in a
Grindomix GM 200 grinder (Retsch GmbH, Haan, Germany) and 100 g was extracted twice with
stirring in a glass flask (0.5 L) with methanol (100 mL) using an ultrasonic bath Sapphire 2.8 (Sapphire
Ltd., Moscow, Russia) for 30 min and at 50 ◦C (ultrasound power 100 W and frequency 35 kHz).
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The extracts were filtered through cellulose, concentrated in vacuo until dryness, and stored at 4 ◦C
before use for chemical analysis and biological activity study. The yields of total extracts of Fragaria
fruits were 10.63 g (F. viridis unripe fruits), 11.02 g (F. viridis intermediate ripe fruits), 12.43 g (F. viridis
fully ripe fruits), 15.63 g (F. vesca fully ripe fruits), and 17.33 g (F. ananassa fully ripe fruits).

3.3. High-Performance Liquid Chromatography with Photodiode Array Detection and Electrospray Ionization
Triple Quadrupole Mass Spectrometric Detection (HPLC-PDA-ESI-tQ-MS): Metabolite Profiling

Metabolite profiling of F. viridis extracts was realized using high-performance liquid
chromatography with photodiode array detection and electrospray ionization triple quadrupole
mass spectrometric detection (HPLC-PDA-ESI-tQ-MS) performed on a liquid chromatograph
LC-20 Prominence coupled photodiode array detector SPD-M30A (wavelength range 200–600 nm),
triple-quadrupole mass spectrometer LCMS 8050 (all Shimadzu, Columbia, MD, USA) and C18 column
(GLC Mastro; 150 × 2.1 mm, Ø 3 µm; Shimadzu, Kyoto, Japan) at the column temperature 30 ◦C.
Gradient elution was implemented with two eluents A (0.5% HCOOH in water) and B (0.5% HCOOH
in MeCN) and the following gradient program: 0–5 min 5–7% B, 5–7 min 7–8% B, 7–10 min 8–19% B,
10–14 min 19–29% B, 14–20 min 29–52% B, 20–25 min 52–73% B, 25–35 min 73–90% B, and 35–45 min
90–5% B. The values of injection volume and elution flow were 1 µL and 100 µL/min, respectively.
The UV-Vis spectra were obtained in the spectral range of 200–600 nm. MS detection was performed in
negative ESI mode using the parameters as follows: temperature levels of ESI interface, desolvation
line, and heat block were 300 ◦C, 250 ◦C, and 400 ◦C, respectively. The flow levels of nebulizing gas (N2),
heating gas (air), and collision-induced dissociation gas (Ar) were 3 L/min, 10 L/min, and 0.3 mL/min,
respectively. The MS spectra were recorded in the negative mode (−3–−5 kV source voltage) by
scanning in the range of m/z 50–2000 at the collision energy of 5–40 eV. The system was managed under
LabSolution’s workstation software with the inner LC-MS library. The identification of compounds
was done by the analysis of their retention time, ultraviolet, and mass-spectrometric data, comparing
the same parameters with the reference samples and/or literature data. Before analysis, the sample of
F. viridis fruits dry extract (10 mg) was dissolved in 50% MeCN (25 mL), filtered (0.22-µm PTFE syringe
filter), and injected (1 µL) into the HPLC-DAD-ESI-tQ-MS system for analysis.

3.4. High-Performance Liquid Chromatography with Diode Array Detection (HPLC-DAD):
Carbohydrate Analysis

The composition of free carbohydrates was analyzed by high-performance liquid chromatography
with diode array detection (HPLC-DAD) using the procedure described previously [69]. To prepare
the sample, dry extracts of F. viridis fruits (5 mg) were dissolved in 20 mL of deionized water and
passed sequentially through a series of two cartridges Dowex® 50WX8 (H+-form; 10 mL) and Dowex®

1 × 8 (Cl−-form; 10 mL) eluted with water (20 mL). The final eluates were reduced in vacuo (20 mL)
and filtered using 0.22-µm PTFE syringe filter before injection into the HPLC-DAD system for analysis.

3.5. HPLC-ESI-tQ-MS: Metabolite Quantification

To quantify compounds 1–95 in F. viridis fruits, we used HPLC-MS data (MS peak area) obtained
in early conditions (Section 3.3). The reference standards (48 compounds; Table S2) were accurately
weighed (10 mg) and individually dissolved in DMSO-50% methanol mixture (1:10) in a volumetric
flask (10 mL). The stock solutions were used to build external standard calibration curves generated
using six data points, 100, 50, 25, 10, 5, and 1 µg/mL followed by plotting the MS peak area vs.
the concentration levels. The validation criteria (correlation coefficients, r2; standard deviation, SYX;
limits of detection, LOD; limits of quantification, LOQ; and linear ranges) were calculated using the
previous recommendations [70] (Table S2). All analyses were carried out in triplicate, and the data
were expressed as mean value ± standard deviation (S.D.). The sample solution was prepared from
homogenized F. viridis fruits (50 mg) and 5 mL of methanol in an Eppendorf tube. The mixture was
sonicated for 30 min at 50 ◦C (ultrasound power 100 W, frequency 35 kHz), centrifuged (6000× g),
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filtered (using 0.22-µm PTFE syringe filter), and transferred to the volumetric flask (10 mL), and the
final volume was reduced to 10 mL by 50% MeOH before HPLC-ESI-tQ-MS analysis. Genkwanin was
used as the internal standard (final concentration 25 µg/mL in acetonitrile).

3.6. Antioxidant Activity: In Vitro Assays

Radical scavenging activity of Fragaria extracts against the 2,2-diphenyl-1-picrylhydrazyl radical
(DPPH) and the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radical (ABTS) was
studied using microplate spectrophotometric decoloration assays as described previously [71,72].
The value of the ferric reducing antioxidant power (FRAP) was measured by spectrophotometric assay
based on the reduction of the Fe3+-2,4,6-tri(2-pyridyl)-1,3,5-triazine complex to the ferrous form at
low pH [73]. To determine the level of oxygen radical absorbance capacity (ORAC), we used an assay
based on peroxyl radical generation by thermal decomposition of 2,2′-azobis(2-amidino-propane)
dihydrochloride followed by fluorimetric detection [74]. All assays used trolox as a reference standard
(methanolic solution 0.5–100 µg/mL), and the calibration curve was created by plotting the trolox
concentration (µg/mL) vs. the absorbance (or fluorescence). The values of antioxidant parameters were
expressed as µmol trolox-equivalents/g of dry weight. All the analyses were carried out five times and
the data were expressed as mean value ± standard deviation (SD).

3.7. DPPH Radical Scavenging Assisted HPLC-PDA-ESI-tQ-MS Assay

High-performance liquid chromatography with photodiode array detection and electrospray
ionization triple quadrupole mass spectrometric detection (HPLC-PDA-ESI-tQ-MS) assisted with
spectrophotometric DPPH radical scavenging assay was realized in the chromatographic conditions
described in Section 3.3 with enlarged injection volume at 30 µL. The eluates (50 µL) were collected
every 30 s using an automated fraction collector (Econova, Novosibirsk, Russia) in 96-well microplates,
then dried under a N2-stream, and redissolved in 50 µL of 50% methanol. An aliquot (25 µL) of the
methanolic solution was mixed with DPPH solution (50 µg/mL in methanol) and absorbance was
measured at 520 nm fifteen minutes later by a Bio-Rad microplate reader Model 3550 UV (Bio-Rad Labs,
Richmond, CA, USA). The most active antioxidants gave strong decoloration of the DPPH solution,
and corresponding eluates were separated in known HPLC-PDA-ESI-tQ-MS conditions again in order
to confirm the presence of separate compounds.

3.8. Serum Total Antioxidant Capacity

Twenty-eight men, aged 20–25 years, were recruited. All were free from hypertension,
cardiovascular disorders, and alcohol abuse; none smoked or took any other drug and oral medication.
We had the guarantee that all subjects had a similar diet and lifestyle because they were recruited
from the same community with a refectory service. All subjects gave their informed consent for
inclusion before they participated in the study. The study was conducted in accordance with the
Declaration of Helsinki, and the protocol was approved by the Ethics Committee of Institute of General
and Experimental Biology (protocol No. LM-0324, 27 January 2012). The volunteers were divided
on six experimental groups: group 1—F. viridis fruits, 100 g/day (n = 5); group 2—F. viridis fruits,
250 g/day (n = 5); group 3—F. viridis fruits, 400 g/day (n = 5); group 4—F. vesca fruits, 250 g/day (n = 4);
group 5—F. ananassa fruits, 250 g/day (n = 6); and group 6—fructose, 10 g/day (n = 3). Then, they took
Fragaria fruits or fructose for 1 week (3 times a day in equal portions). Before and after the test,
blood was drawn from the antecubital vein into a heparinized syringe, and immediately after blood
drawing, serum was prepared by centrifugation (6000× g) and the serum total antioxidant capacity was
estimated. Phosphate buffer (10 mM, pH 7.2; 100 µL), myoglobin solution (5 µM; 50 µL), ABTS solution
(3 mM; 20 µL), and serum sample (20 µL) were mixed in 96-well microplate and incubated 3 min at
25 ◦C. Then H2O2 solution (250 µM; 20 µL) was added and immediately measured at 600 nm for 5 min
at 25 ◦C. A lag time (in sec) was estimated as the suppression period of ABTS oxidation (or absorbance
increasing). The reference compound (trolox; 1, 2.5, 5, and 10 µM) was analyzed using the same
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protocol, and the calibration curve was created by plotting the lag time (in s) vs. the absorbance at
600 nm. The value of the serum total antioxidant capacity was expressed as µmol trolox-equivalents/L.
All the analyses were carried out in triplicate, and the data were expressed as mean value ± standard
deviation (SD).

3.9. F. viridis Fruit Storage Experiment

Seven and three portions of the fresh F. viridis fruits (200 g) were placed into individual polystyrene
bags (300 mL) and incubated at 4 ◦C (7 days) or 20 ◦C (3 days), respectively, in a ventilated MK 53
thermostat (BINDER GmbH, Tuttlingen, Germany). Five portions (20 g each) of fresh F. viridis fruits were
taken out of storage for analysis every 24 h, extracted as described previously (Section 3.5), and analyzed
using HPLC-ESI-tQ-MS quantitative procedure (Section 3.5) or used without pre-extraction for the
total antioxidant potential determination by coulometric assay (Section 3.10).

3.10. Total Antioxidant Potential of Fresh F. viridis Fruits: Coulometric Assay

The total antioxidant potential of fresh F. viridis fruits was found using a sightly modified bromine
radical scavenging assay based on the coulometric titration method with electrogenerated bromine
radicals [17,75]. Potentiostat Expert-006 (Econics Expert Ltd., Moscow, Russia) with a four-electrode
two-compartment electrochemical cell was used for measurements. The working electrode was a bare
platinum foil (surface area 1 cm2), and the auxiliary electrode was a platinum wire isolated from the
anodic cell with a semipermeable diaphragm. To detect the titration end-point (∆E = 200 mV), a pair
of polarized platinum electrodes was used and the electrochemical generation was carried out from
the supporting electrolyte (0.25 M KBr in 0.1 M H2SO4) at a current density 5 mA·cm−2, providing
100% current yield. To start the measurement, the portion fruit of F. viridis (50 g) with various storage
periods was homogenized and 10 mg of homogenate was inserted into the coulometric cell (50 mL)
containing 20.0 mL of supporting electrolyte. The time of titration was used for the total antioxidant
potential calculation expressed in units of the quantity of electricity (Coulombs (C)) spent for titration
of the full probe of homogenized fruits. The trolox solutions were used as a reference compound (500,
250, 100, 50, and 10 µg/mL in methanol) titrated coulometrically, and a calibration curve was plotted in
coordinates “concentration (µg/mL)—the quantity of electricity (C)”. Finally, the value of the total
antioxidant potential was calculated as mg trolox-equivalents per g of fresh fruits. Values are expressed
as mean obtained from ten independent experiments.

3.11. Statistical Analysis

Statistical analyses were performed using a one-way analysis of variance (ANOVA), and the
significance of the mean difference was determined by Duncan’s multiple range test. Differences
at p < 0.05 were considered statistically significant. The results are presented as mean values ± S.D.
(standard deviations) of some (3–10) replicates.

4. Conclusions

The current study reported the metabolic profile of fruits of Fragaria viridis in various stages
of ripening using the HPLC-DAD-ESI-tQ-MS technique not applied previously to this strawberry
species. About a hundred compounds were characterized, and this is many more than the previously
reported amount of F. viridis metabolites [14,15]. The largest number of components were phenolics,
particularly ellagitannins and flavonol glycosides, forming the basis of F. viridis metabolome in all
stages of ripening. In addition, derivatives of gallic acid, ellagic acid, hydroxycinnamates, coumarins,
procyanidins, catechins, and anthocyanins were also found. Non-phenolic compounds, such as
carbohydrates and organic acids, were quantitatively predominant, opposite triterpenes, with trace
levels found. The concentrations of all compounds were affected by the ripening process with increased
(anthocyanins and non-phenolics) or decreased (the majority of phenolic compounds) values to a
fully ripe stage. This indicates that the ripening of F. viridis fruits is a complex process impacting
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the quantitative profile of metabolites. The high content of ascorbic acid and selected phenolics in
F. viridis fruits were the source of strong antioxidant properties of fruit extracts, in particular free
radical scavenging capacity, ferric reducing antioxidant power, and oxygen radical absorbance capacity
studied in in vitro models. The same is true for human experiments, which demonstrated that the
serum total antioxidant capacity increased significantly after a week’s consumption of F. viridis fruits.
Changes in antioxidant content and total antioxidant potential of fresh F. viridis fruits was found during
storage at 4 ◦C and 20 ◦C, with the safest condition at 4 ◦C storage used within a week. The information
received in our study highlighted the potential of F. viridis fruits as a source of antioxidant metabolites
that need more scientific attention and wider implementation in the human diet.
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