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nce liquid chromatography
method validation and a Box–Behnken
experimental design for the extraction optimization
of quercitrin from Nectandra reticulata

Juanita Pulido Teuta,a Carlos-Eduardo Narváez-Cuenca *b and Mónica Ávila
Murilloa

The ethanolic extract of Nectandra reticulata contains a high amount of quercetin-3-O-rhamnoside

(quercitrin) that has exhibited a significant activity toward Alzheimer's disease, specifically with LXR

receptors. In this work, a methodology was validated following the specifications of the International

Conference of Harmonization in terms of linearity, limit of detection (LOD), limit of quantification (LOQ),

accuracy (recovery), repeatability (intra-assay), intermediate precision (intra-laboratory), reproducibility

(inter-laboratory), robustness, and specificity. The effect of location (Oiba, Granada, and Chiquinquira)

and the extraction method (percolation, maceration, and ultrasound-assisted extraction) towards the

chromatographic profile and quercitrin recovery was studied. Furthermore, a Box–Behnken design was

conducted to optimize quercitrin extraction and extraction yield by ultrasonic-assisted extraction. The

chromatographic method was validated, with a linear range from 5 to 180 mg quercitrin per L, LOD

0.26 mg L−1, and LOQ 0.86 mg L−1. Accuracy [recovery of 93.8% (w/w)], repeatability (relative standard

deviation, RSD, 3.3%), intermediate precision (RSD 5.4%), and reproducibility (RSD 1.4%) were within the

acceptable values. The method was robust and specific, except for the variation in the formic acid

concentration. The location had a greater influence than the extraction method towards both the

chromatographic profile and quercitrin recovery. Quercitrin extraction was maximized at 60% (v/v)

ethanol and 50 °C, independent of the solvent : material ratio used. The highest yield values were

achieved at 60% (v/v) ethanol and 50 °C, with a solvent : material ratio of 40 mL g−1.
Introduction

Nectandra reticulata is a species of the Lauracae family that has
shown signicant activity against LXRs.1 The ethanolic extract
of N. reticulata is composed of a large amount of avonoids,
with quercitrin (quercetin-3-O-rhamnoside) as the main repre-
sentative.2 Quercitrin has anti-inammatory, anti-leishmanial,
osteogenic, anti-nociceptive, and neuroprotective properties.3

Research has shown that quercitrin inhibits GSK3 and
enhances the signaling pathway Wnt/catenin.3 Moreover,
quercitrin has antioxidant and free radical scavenger activity,4

and it inhibits acetylcholinesterase.5 Recent studies show that
quercitrin inhibits activation and proliferation of microglia and
secretion of inammatory cytokines and chemokines and
reduces the accumulation of amyloid-b plaques in Alzheimer's
disease (AD) model mice.6 Each of the reported quercitrin
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bioactive activities is of importance in the progression of AD. It
is known that AD is a neurodegenerative disease of unknown
etiology, characterized by a marked deposition of amyloid-
b (Ab) plaques and progressive cognitive impairment,6 there-
fore, the reduction of protein aggregates and the improvement
of memory may be a treatment option.7 The effects shown by
quercitrin producing improvement in memory by enhancing
the signaling pathway Wnt/catenin and reducing reactive
oxygen species (ROS) and its cholinergic inhibition activity are
related to a decrease in the formation of amyloid plaque.8 In our
previous research, we have shown that quercitrin exhibits
agonistic activity as evidenced through molecular docking with
LXR-b and LXR-a. This avonoid was also shown to increase the
expression of mRNA in both APOE and ABCA1 target genes of
LXRs as seen by in vitro experiments.2 This effect was related to
the modulation of APP processing, Ab production and clear-
ance, and reversal of memory decits by LXR ligands, the
potential of LXR agonists to diminish AD pathogenesis to
improve cognitive performance, increase the clearance of Ab,
and diminish senile plaque levels.9
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Due to the importance of quercitrin bioactivity including its
benecial activity in AD, and its presence in N. reticulata leaves
it is relevant to have a suitable methodology not only for its
quantication but also for its extraction. Performance param-
eters in a quantication methodology can be validated by
following, for example, the specications described by the
International Conference on Harmonization (ICH).10 Within the
validation of a chromatographic method, aspects such as line-
arity, the limit of detection (LOD), limit of quantication (LOQ),
accuracy (determined as recovery), precision [in terms of
repeatability (intra-assay), intermediate precision (intra-
laboratory), and reproducibility (inter-laboratory)], robustness,
and specicity are studied. Validation of reversed-phase (RP)-
high-performance liquid chromatography (HPLC) with diode
array detection (DAD) methods, following the ICH require-
ments, have been previously reported for the quantication of
quecitrin extracted from leaves of e.g. Cosmos caudatus,11

Houttuynia cordata Thunb,12 Buchanania lanzan Spreng, and
Buchanania siamensis Miq.13

Once a proper validation method is developed, there are
other aspects that are important to evaluate as they affect the
concentration of a metabolite in an extract. It is known that the
metabolites present in a plant can vary depending on the
ecophysiological and geographical conditions.14,15 Furthermore,
the extraction conditions such as the extraction method, the
ratio between plant material and volume of extraction solvent,
the temperature, and the extraction time might affect the
extraction of a particular metabolite.15 Such extraction condi-
tions can be optimized by diverse methodologies that allow for
minimizing costs and maximizing the extraction of a particular
compound or a group of compounds.16 Within these method-
ologies there is the surface design strategy with which few
experiments allow studying simultaneously the effect of
different factors towards a response variable.16 Within the
surface design strategies, the Box–Behnken design (BBD) has
different advantages. Reports in the literature show that the
BBD is slightly more efficient than other experimental designs
such as the central composite design.17 Moreover, BBD does not
present simultaneous combinations of all their highest or
lowest levels. This means that experiments with extreme
conditions that might generate degradation of the compounds
or other unsatisfactory results will never occur.17,18 Additionally,
this experimental design allows using the response surface
methodology (RSM) as a statistical and mathematical tool for
the construction of an empirical model using the most relevant
variables and their responses.19

On the one hand, optimal extraction conditions depend on
the compound of interest to be extracted. In this regard, when
rutin (quercetin-3-O-rutinoside) and quercetin were extracted
from forestry waste of Cyclobalanopsis leaves using alcohol–
acetic acid–water as the extraction solvent, different optimal
conditions were obtained.20 On the other hand, optimal
conditions for a specic compound extraction seem to depend
on the vegetal material as seen when quercetin was extracted by
ultrasound-assisted extraction from onion skin,21 leaves and
stems of Dendrobium officinale,22 or from the stalks of Euonymus
alatus (Thunb.) Sieb.23 The extract of N. reticulata leaves has
© 2024 The Author(s). Published by the Royal Society of Chemistry
a promising activity due to the presence of quercitrin. To the
best of our knowledge, no attempts to validate a chromato-
graphic method focused on the analysis of quercitrin in N.
reticula leaves have been made. Furthermore, no reports are
available for the best extraction conditions of quercitrin from N.
reticulata. The aim of this study was, therefore, (i) to validate
a chromatographic method for the quantication of quercitrin
and (ii) to optimize its extraction from N. reticulate by means of
a BBD.
Experimental
Plant material and chemicals

N. reticulata leaves were collected in three different locations in
Colombia: Granada (Department of Cundinamarca),
Chiquinquirá (Department of Boyacá), and Oiba (Department of
Santander). A specimen of the species was deposited and
identied by the Herbario Nacional de Colombia at Universidad
Nacional de Colombia whose code is COL547368. Leaves from
the three locations were dried separately at room temperature
and ground to a particle size lower than 2 mm.

The quercitrin primary reference standard was obtained
from the HWI group (Frankfurt, Germany). Methanol and
acetonitrile, both of HPLC grade, were purchased from Hon-
eywell (Muskegon, Michigan, USA). Analytical grade formic acid
was purchased from Merck (Darmstadt, Germany). Ethanol
(96%, v/v) was purchased from El Alquimista (Bogotá, Colom-
bia). This solvent was redistilled by simple distillation in a tower
of 1 m. Milli-Q water was processed in the Direct-Pure Adept
equipment of the Rephile brand (Miami, FL, USA).
Selection of chromatographic conditions

To nd a suitable chromatographic method for the analysis of
quercitrin, an extract obtained by maceration from N. reticulata
collected in Granada was analysed on a Dionex Ultimate 3000
UHPLC system (Thermo Scientic, San Jose, California, USA)
with a photodiode array detector (DAD), using a Hypersyl Gold
RP column (Thermo Scientic; 150 mm × 2.1 mm id; 1.9 mm
particle size) operated at 40 °C. The extract (5 mL) was analyzed
by reversed-phase high-performance liquid chromatography
(RP-HPLC). The mobile phase consisted of water/formic acid
(99.9/0.1, v/v) (eluent A) and pure acetonitrile (eluent B). The
ow rate was 400 mL min−1. The detection wavelength was set to
350 nm. Before injection, all samples were passed through
a 0.22 mm lter. Initially, an elution program based on the
literature was tested (method 1).24 In total, four elution
programs were tested (method 1–method 4). Method 1: 0–
30 min, linear gradient from 5 to 70% B; 30–33 min, linear
gradient from 70 to 95% B; 33–36 min, isocratic at 95% B; 36–
41 min, linear gradient from 95 to 5% B; 41–46 min, isocratic at
5% B. Method 2: 0–4 min, linear gradient from 5 to 20% B; 4–
30 min, linear gradient from 20 to 70% B; 30–33 min, linear
gradient from 70 to 95% B; 33–36 min, isocratic at 95% B; 36–
41 min, linear gradient from 95 to 5% B; 41–46 min, isocratic at
5% B. Method 3: 0–4 min, linear gradient from 5 to 25% B; 4–
6 min, linear gradient from 25 to 28% B; 6–10 min, isocratic at
RSC Adv., 2024, 14, 21874–21886 | 21875
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28% B; 10–20min, linear gradient from 28 to 50% B; 20–24min,
isocratic at 50% B; 24–30 min, linear gradient from 50 to 70% B;
30–33 min, linear gradient from 70 to 95% B; 33–36 min, iso-
cratic at 95% B; 36–41 min, linear gradient from 95 to 5% B; 41–
46 min, isocratic at 5% B. Method 4: 0–4 min, linear gradient
from 5 to 20% B; 4–10min, isocratic at 20% B; 10–12min, linear
gradient from 20 to 25% B; 12–16 min, isocratic at 25% B; 16–
22 min, linear gradient from 25 to 52% B; 22–26 min, isocratic
at 52% B; 26–30 min, linear gradient from 52 to 70% B; 30–
33 min, linear gradient from 70 to 100% B; 33–36 min, isocratic
at 100% B; 36–41 min, linear gradient from 100 to 5% B; 41–
46 min, isocratic at 5% B. The presence of quercitrin in each
chromatographic method was veried by matching the reten-
tion time and UV-vis spectrum with an authentic standard.
Selection of the method was based on the response variables:
number of peaks with chromatographic both area greater than
0.15 mAU min and minimum height of 2.5 mAU, peak width
range, and resolution of the critical pair of chromatographic
peaks.

Once, the chromatographic method was selected, extracts
were analysed. Quercitrin quantication was performed by the
external standard method. This was done by taking the area
under the curve at 350 nm for the chromatographic peak of
quercitrin and interpolating it in calibration curves of authentic
quercitrin. The concentration of quercitrin was expressed
in mg L−1 extract and in mg g−1 plant material.

Calibration curve preparation

On three different days, 5 mg of authentic quercitrin was
weighed and dissolved in 5 mL of 100% (v/v) methanol, to
obtain a stock solution of 1000 mg mL−1. With the stock solu-
tion, 19 solutions with concentrations ranging from 0.2 to
240 mg mL−1 were prepared. Then, 5 mL of each solution was
injected into the HPLC system.

Validation of the RP-HPLC-DAD method

The validation of the selected chromatographic method
(method 4) was performed according to the parameters
described by the ICH guidelines. The calibration curve was
prepared with the authentic quercitrin standard both in a high
concentration range between 10 to 240 mg mL−1 and in a low
concentration range between 0.2 to 10 mg mL−1. The limit of
detection (LOD) and limit of quantication (LOQ) were deter-
mined with the area of quercitrin of the standard solutions in
the low concentration range, according to the following equa-
tions: LOD = 3.3s/S and LOQ = 10s/S, where s is the residual
standard deviation of the regression curves and S is the slope.
Before analyzing the linearity of the calibration curve, the Sha-
piro–Wilk normality test was performed. Then, the linear range
was estimated by evaluating the adjusted R-squared (near 1), the
studentized residuals [no more than (NMT) 2], the analysis of
variance (ANOVA) (NMT 0.05), and the Durbin–Watson statistic
[more than (MT) 0.05]. When a linear range w to be determined,
it is convenient to avoid values with studentized residuals
greater than 2, since they would represent atypical measure-
ments of the linear model.25 The studentized residuals measure
21876 | RSC Adv., 2024, 14, 21874–21886
how many standard deviations each observed value of the
quercitrin area deviates from the tted model. Statistical anal-
yses were performed in R-studio (2022.02.3+492).

Accuracy was determined using the recovery method by
spiking. Extract samples were spiked with a known analytical
concentration of quercitrin (40 mg L−1) and the percent
recovery was determined.

Precision was determined at three levels: repeatability (intra-
assay), intermediate precision (intra-laboratory), and reproduc-
ibility (inter-laboratory), with authentic quercitrin standard
solutions prepared at 80 mg L−1. Repeatability was evaluated
using six replicates (individual replications) of the authentic
quercitrin on the same day. Intermediate precision was studied
by analysing such standard solutions on different days (n = 9).
Reproducibility was evaluated by changing the laboratory, both
placed at Universidad Nacional de Colombia (n = 3). In all
studied cases, repeatability, intermediate precision, and repro-
ducibility, the percentage of the relative standard deviation (RSD)
and the standard error of the mean (SEM) were calculated.

The robustness was evaluated by performing small varia-
tions in the parameters of the chromatographic method as
follows: concentration of formic acid in eluent A (±0.1% v/v,
this is either 0.0 or 0.2% v/v), ow rate (±10 mL min−1, this is
either 390 or 410 mL min−1), column temperature (±2 °C, this is
either 38 or 42 °C), and wavelength at which the chromato-
graphic area is recorded (±2 nm, this is either 348 or 352 nm),
performing 6 runs on each parameter with both the authentic
quercitrin standard (80 mg L−1) and the extract. In each case,
the retention time was measured as a response variable. A t-test
was performed to determine whether the retention time was
signicantly affected by the variation in the chromatographic
method. For doing so, the results of the original method were
compared with those obtained with the variations.

The specicity of the chromatographic method was evalu-
ated by comparing the chromatographic proles of the
authentic quercitrin standard (240 mg L−1) and the extract
(10 mg mL−1) with an electro-light scattering detector (ELSD),
with respect to the peak eluting before quercitrin, which is the
one that elutes at a closer time. In this case, an ELSD was used
instead of a DAD since ELSD is a universal detector and DAD
only responds to active compounds in UV-vis. By ELSD, there-
fore, it was possible to verify if there were other compounds
with similar retention times that could affect the quercitrin
response due to cooperative or antagonistic effects.26,27
Effect of the extraction method and agroclimatic conditions
towards the chromatographic prole and quercitrin recovery

Leaves of N. reticulata collected from three locations in
Colombia (Oiba, Granada, and Chiquinquirá) were extracted by
three different extraction methods (percolation, maceration,
and ultrasound-assisted extraction) following the protocols
developed by the QUIPRONAB research group.28 For each
extraction, 96% (v/v) ethanol was used. Once each extraction
was completed, the extract was roto-evaporated (40 °C) until
dryness and 10 mg of the dried extract was dissolved in 1 mL of
100% (v/v) methanol and ltered using a 0.22 mm membrane
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Variables and their levels used in the Box–Behnken experi-
mental design

Independent variables Symbol

Levels

−1 0 +1

Percentage of aqueous ethanol (%, v/v) A 60 78 96
Solvent : vegetable material ratio (mL g−1) B 20 30 40
Temperature (°C) C 30 40 50

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 3
:0

5:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
lter. Each dissolved extract was analyzed by RP-HPLC-DAD as
described in the section Selection of chromatographic condi-
tions, method 4. The chromatographic prole was evaluated in
terms of the efficacy of the HPLC method to separate the
compounds as recorded at 350 nm. Quercitrin recovery was
accessed in terms of both quercitrin yield (mg quercitrin/g
extract) and relative abundance of quercitrin as compared to
other chromatographic peaks at 350 nm.
Ultrasound-assisted extraction optimization of quercitrin

For each point of the experimental design, approximately 1.5 g of
dry plant material ofN. reticulata collected in Granada was taken.
Ethanol (at different ratios water : ethanol) was added in different
volumes to this plant material, and it was sonicated for 15 min.
The supernatant was ltered, and the extraction procedure was
repeated once more. The two supernatants were combined and
roto-evaporated at 40 °C. The dry extract was then solubilized in
100% (v/v) methanol, ltered using a 0.22 mm membrane lter,
and analyzed by RP-HPLC-DAD as described in the section
Selection of chromatographic conditions, method 4.

To dene the factors that affected the most and the domain,
before performing the BBD, different screening assays were
carried out. Five factors (and their domains) were evaluated:
solvent : plant material ratio (20–40 mL g−1), number of
extractions (1–3), percentage of aqueous ethanol (40–96% v/v),
extraction time (5–40 min), and extraction temperature (30–50
°C). Taking into account the risk assessment recommendation
mentioned in the ICH, chromatograms of the obtained extracts
were checked for the formation of new chromatographic peaks,
which might be related to the artifact formation. Aer such
verication, new chromatographic peaks were not observed.

When evaluating the effect of the solvent : plant material
ratio it was found that the higher the such ratio the higher the
quercitrin extraction. Moreover, the more extractions that were
performed the higher the extraction of quercitrin. In relative
values, the second and third extraction represented 1.2 and 1.6
times what was extracted in the rst extraction. Despite the
number of extractions being among the factors that affected the
response variable, it was decided to extract twice taking into
account the costs and time the third extraction represents. The
percentage of ethanol in the extraction solvent had an impor-
tant effect towards the response variable, with the greatest
values being obtained at 60–70% (v/v) aqueous ethanol and the
lowest at either 40 or 96% (v/v) aqueous ethanol, showing
a parabolic behavior. Between 10 and 30 min of extraction the
quercitrin content was similar, at shorter times (5 min) and
longer times (40 min) lower quercitrin values were found; this
allowed selecting an extraction time of 15 min. Furthermore,
when increasing the temperature there was an increase in the
extraction of quercitrin, without the formation of new
compounds. Aer conducting these preliminary tests, the
factors with the greatest effect towards quercitrin extraction
were selected. This is the solvent : plant material ratio,
percentage of aqueous ethanol, and the extraction temperature.

Once the factors and the domain that affected the most were
dened, a BBD was conducted. In the experimental design
© 2024 The Author(s). Published by the Royal Society of Chemistry
(Table 1), three levels of each factor were used, and four repli-
cates of the central point were carried out. The three factors
(and the domain) were as follows: percentage of ethanol (60–
96% v/v), material : solvent ratio (20–40 mL g−1), and tempera-
ture (30–50 °C). The response variables evaluated were (i)
quercitrin extraction (mg of quercitrin/g of plant material) and
(ii) extraction yield (g dry extract/g dry leaves × 100). A total of
16 experiments were performed in a randomized order. Once
the experiments were completed, the normality of the data was
veried by the Shapiro–Wilk normality test. Then, for each
response variable, the effect of the factors was evaluated using
a complete quadratic equation. To verify the efficiency of the
mathematical equation to describe each response variable, the
adjusted R-squared, the p-value from the ANOVA, the Durbin–
Watson statistic, and the absolute average deviation were eval-
uated. To eliminate the terms of the equation that were statis-
tically not signicant, a stepwise backward elimination
procedure was performed. With the equation that satised the
statistical parameters, each of the two responses was repre-
sented by response surfaces and the optimal values of the
model were determined. The model processing was performed
using R-studio (2022.02.3+492).
Results and discussion
Selection of chromatographic conditions

Among the four chromatographic methods tested, method 4
was selected. The four tested methods yielded a well-resolved
symmetric chromatographic peak corresponding to quercitrin
(Fig. 1). Nevertheless, because the chromatographic method
was developed not only to analyse quercitrin but also to identify
other compounds,2 further chromatographic features were
taken into account (Table 2). More peaks were obtained with
method 2 (10 peaks) and method 4 (10 peaks) than with
methods 1 and 3 (6 peaks in each one) (Table 2). Bothmethods 2
and 4 provided chromatographic peaks with comparable peak
width range at half high (0.036–0.131 and 0.035–0.131 min).
Nevertheless, method 4 was more convenient than method 2
when evaluating the resolution of the critical pair of peaks to
nd a suitable one. Finally, method 4 was selected for the
analysis of extracts.
Validation of the RP-HPLC-DAD method

The quantication method of quercitrin in N. reticulata by RP-
HPLC-DAD was validated in terms of linearity, LOD, LOQ,
accuracy, intra-assay, intra-laboratory, and inter-laboratory
RSC Adv., 2024, 14, 21874–21886 | 21877
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Fig. 1 Chromatographic profiles of an extract of Nectandra reticulata
prepared by maceration. (A) Method 1. (B) Method 2. (C) Method 3. (D)
Method 4. Each method is described in the subheading Selection of
chromatographic conditions in the Experimental section.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
Ju

ly
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 3
:0

5:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
precision, robustness, and specicity according to the ICH. Area
data in the full evaluated concentration range (0.2–240 mg L−1)
followed a normal distribution as evaluated by the Shapiro–
Wilk normality test. The linear range concentration was found
between 5–180 mg L−1 (Fig. 2). When the fully tested concen-
tration interval was evaluated, the adjusted R-squared
decreased, the studentized residues increased, and the p-value
of the ANOVA remained lower than 0.05 as compared to the
values obtained in the selected linear range (5–180 mg L−1.) At
the selected linear range, the R-squared and the studentized
errors were 0.9933 and ±2.5, respectively, while at 0.2–
240 mg L−1 they became 0.9897 and ±4.5, respectively. Addi-
tionally, linearity between 5–180 mg L−1 was evaluated by
analyzing the presence of autocorrelation using the Durbin–
Watson statistic. As the p-value (2.501) was greater than 0.05, Ho

was not rejected. Then, it could be concluded that the residuals
of the model were not autocorrelated. The linear range found in
the current research was narrower than those found elsewhere
for the same analyte (Table 3).29–31 The intercept and slope of the
linear equation were determined for the selected range (5–
180 mg L−1) by examining the relationship between quercitrin
concentration and the chromatographic area for such a peak.
The intercept and slope were, respectively, −0.527 mAU min
and 0.328 mAU min L mg−1 (Table 3). Furthermore, LOD was
found to be 0.26 mg L−1, while the LOQ was 0.86 mg L−1 (Table
Table 2 Chromatographic features in the four tested methodsa

Feature Method 1

Number of peaks 6
W50% range 0.044–0.074
Resolution of the critical pair of peaks 0.23

a W50%: peak width at half high.

21878 | RSC Adv., 2024, 14, 21874–21886
3). Both LOD and LOQ obtained in the current research for
quercitrin are within those reported in previous works (Table
3).29–31

The recovery value, indicative of accuracy, was 93.8% (w/w),
the value that is within the acceptability range (90–107%, w/
w), this means that there is no matrix effect with the other
components of the extract.32,33 The tested RP-HPLC-DAD
method had a good repeatability (intra-assay), intermediate
precision (intra-laboratory), and reproducibility (inter-
laboratory) (Table 3), since for all the cases, the RSD values
were below the accepted limit (11.3%).33 Good recovery,
repeatability (intra-assay), and intermediate precision is in
agreement with those from previous works (Table 3).29–31

When robustness was assessed, the results showed that for
almost all the variations the p-values were above 0.05 (except
when the retention time of the quercitrin standard was evalu-
ated aer formic acid variation in the mobile phase). Then,
since the retention times were not signicantly affected in most
of the cases, it is concluded that the HPLC-DAD method is
robust (Table 4). The precision and robustness analyses allow us
to conclude that the developed method is not sensitive to
changes within the laboratory and additionally, it is possible to
transfer it to other laboratories without a signicant change in
the chromatographic behavior. Finally, the method was
specic. As shown in Fig. 3, when the sample was analyzed, with
the temperature of the evaporation tube of the ELSD set at
either 70 or 75 °C, the resolution of the quercitrin peak with
respect to the peak that eluted before was close to 1.5. In
addition, the peak was observed to be symmetrical.
Effect of the extraction method and agroclimatic conditions
towards the chromatographic prole and quercitrin recovery

The location had a greater inuence than the extraction method
towards both the chromatographic prole (Fig. 4) and querci-
trin recovery (Table 5). A simple chromatographic prole with
few metabolites was observed when the samples were collected
in Granada and Oiba. In both cases, the resolution of quercitrin
was greater than 3.5. Nevertheless, for the extract of the plant
material collected in Chiquinquirá, a decrease in the resolution
of the peaks of compounds different from those found in the
extracts from Granada and Oiba was observed. Despite this, the
chromatographic peak corresponding to quercitrin could be
distinguished without any problem. This means that the chro-
matographic method has the capacity to separate quercitrin in
HPLC from other metabolites that the plant can produce.

When comparing the effect of location on quercitrin yield,
the greatest value was obtained for the Granada sample (2.380–
Method 2 Method 3 Method 4

8 6 8
0.036–0.131 0.042–0.064 0.035–0.131
0.27 0.24 0.52

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Linear range determined for the certified quercitrin standard at 350 nm. For each concentration point, a triplicate of themeasurement was
performed. The blue lines (the outer interval) are the prediction limits for the new observations at 95% confidence. The green lines (internal
interval) are the confidence limits (95%) of the mean.
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3.399 mg of quercitrin/g of extract, depending on the extraction
method). In decreasing order of quercitrin content, Oiba
(1.140–1.755 mg quercitrin/g of extract) was found, followed by
Chiquinquirá (0.272–0.579 mg quercitrin/g of extract). When
looking at the relative abundance of quercitrin as compared to
other chromatographic peaks (area of quercitrin divided by total
area at 350 nm, in percentage), the greatest values were ob-
tained for the sample from Granada (69.4–73.8%). Along with
the analysis of the effect of location, the quercitrin recovery was
studied according to the extraction method. When analysing
the effect of the extraction method, a unique optimal method
was not observed, since for each location both the greatest yield
and its relative abundance were evidenced with a different
method (Table 5). While for the Chiquinquirá sample, the best
method in terms of both response variables was maceration, for
Table 3 Summary of the HPLC validation method. Data from other auth

Parameter Present work Sharifuldin et a

Linearity range (mg L−1) 5–180 0.5–500
Adjusted R-squared 0.9933 1.000
Regression equation Area350 nm (mUA min) =

−0.527 + 0.328[quercitrin
(mg L−1)]

Area254 nm = 0.
[quercitrin] (no
reported)

ANOVA (p-value) 2.2 × 10−16 —
Shapiro–Wilk normality test
(p-value)

0.081 —

Durbin–Watson statistic 2.501 —
LOD (mg L−1) 0.26 0.08
LOQ (mg L−1) 0.86 0.24
Recovery (%, w/w) 93.8 80.4–93.3
Repeatibility (intra-assay, n
= 6) RSD//SEM

3.27//0.35 0.25//—

Intermediate precision
(intra-laboratory, n = 9)
RSD//SEM

5.45//0.47 0.31//—

Reproducibility (inter-
laboratory, n = 3) RSD//SEM

1.42//0.09 —//—

a LOD: limit of detection. LOQ: limit of quantication. RSD: relative stan

© 2024 The Author(s). Published by the Royal Society of Chemistry
Oiba it was ultrasonic-assisted extraction. When the sample was
collected in Granada, percolation resulted in yielding the
highest content of quercitrin, while the greatest relative abun-
dance of quercitrin was achieved with either percolation or
ultrasonic-assisted extraction. Despite no single optimal
method was observed for all collections, ultrasound-assisted
extraction was selected to evaluate the effect of different
factors in the experimental design. Among the criteria for
selecting this method are that this methodology has low
extraction times and is friendly to the environment because of
the reduction in solvent consumption as compared to other
methods.34 In previous reports, ultrasonic-assisted extraction
has been proven to be an efficient extraction method of
quercitrin-like compounds as compared to other ones. For
instance, this extraction method yielded higher quercetin
ors is included for comparative purposesa

l.11 Nguyen et al.12 Prompanya et al.13

48–1000 31–500
0.9999 0.9990

035 + 0.220
units

Area355 nm = −2.8326 +
0.0001772[quercitrin] (no
units reported)

Area254 nm = −11111 +
466.06[quercitrin] (no units
reported)

— —
— —

— —
9.13 7.81
33.44 23.67
101.0–101.1 108.1
0.25//— 1.66/—

0.95//— 2.69//—

—//— —//—

dard deviation. SEM: standard error of the mean.
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Table 4 Results for robustness of the UHPLCmethod: variations in flow, formic acid concentration in the mobile phase A, column temperature,
and wavelength

Parameter

80 mg L−1 quercitrin Extract sample

t-Test (p-value) t-Test (p-value)

Flow rate � 0.01 mL min−1 (n = 6) 9.9313 × 10−1 4.6124 × 10−1

[Formic acid] � 1% v/v (n = 6) 4.9005 × 10−2 2.7771 × 10−1

Column temperature � 2 °C (n = 6) 9.3028 × 10−1 7.7549 × 10−1

Wavelength � 2 nm (n = 6) 1.0000 1.0000

Fig. 3 Comparison of the chromatographic profiles of Nectandra
reticulata from Granada in the ELSD. The chromatogram in blue
corresponds to the extract of N. reticulata measured at an evaporator
tube temperature of 75 °C, the red one is a measurement of the same
extract with the evaporator tube at 70 °C, and the chromatogram in
black corresponds to the authentic standard of quercitrin at an
evaporator tube temperature of 70 °C.

Fig. 4 Comparison of the chromatographic profiles of Nectandra reticu
assisted extraction of samples collected in Chiquinquira (red), Oiba (blue

21880 | RSC Adv., 2024, 14, 21874–21886
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extraction from leaves of Raphanus sativus L. as compared to
other extraction methods including maceration, digestion, or
Soxhlet.35 Furthermore, when quercetin was extracted from
onion skin, the ultrasonic-assisted extraction method was more
efficient than conventional solvent extraction.21 In agreement
with the effect of location towards quercitrin extraction found in
the current research, it was reported that the concentration of
a set of avonoids, including derivatives of quercetin, changed
in a wild population of white birch (Betula pubescens EHRH)
when collected from different locations in Finland.36 While we
were interested in tracking a single compound and its relative
abundance, previous research has demonstrated that location
affects the entire chromatographic prole of phenolics,
including for instance hydroxybenzoic acids, hydroxycinnamic
acids, and avonoids.37,38

It is known that specic metabolites, formerly called
secondary metabolites, are synthesized only under certain
circumstances. The content of such metabolites can vary with
changes in different agroclimatic conditions, such as environ-
mental and soil nutrients.39 For most plants, external factors
such as light, temperature, soil water, soil fertility, and salinity,
can signicantly affect some processes associated with growth
and development, even affecting their ability to synthesize
secondary metabolites, which eventually leads to the change of
lata recorded at 350 nm by percolation, maceration, and ultrasound-
), and Granada (green).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Comparison of the chromatographic profiles of Nectandra reticulata at 350 nm and extraction methodology

Location Extraction method
mg quercitrin/g
extract

Area of quercitrin/total
area × 100

Chiquinquirá Percolation 0.490 10.2
Maceration 0.579 16.6
Ultrasonic-assisted 0.272 9.1

Granada Percolation 3.399 73.8
Maceration 2.447 69.4
Ultrasonic-assisted 2.380 73.2

Oiba Percolation 1.140 35.6
Maceration 1.144 37.9
Ultrasonic-assisted 1.755 46.5
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general phytochemical proles that play a strategic role in the
production of bioactive substances.40 Although there are no
studies that document how environmental factors affect quer-
citrin content, it is known that climatic conditions of low
rainfall, arid soils, low nutrient decit, and high salinity are
stimuli that can increase the levels of phenolic compounds in
response to oxidative stress generated by the formation of
reactive oxygen species in hostile environments.41 Poly-
hydroxylated avonoids such as quercitrin are good free radical
scavengers. Due to the presence of OH in the 30, 40, and 7
positions, and the conjugated system, polyhydroxylated avo-
noids can stabilize the radical formed by the canonical reso-
nance structures typical of conjugated aromatic systems.42,43 It
can be presumed, therefore, that the plant material collected in
Granada was subjected to greater environmental stress as
compared to the other materials characterized in this research.
Experimental design

The response variables measured in the BBD [quercitrin
extraction (mg of quercitrin/g of plant material) and extraction
yield (g dry extract/g dry leaves × 100), Table 6] followed
a normal distribution as observed by the Shapiro–Wilk
normality test (p-values of 0.253 and 0.302, respectively).
Table 6 Matrix for optimization of quercitrin extraction of Nectandra re

Percentage of
ethanol (%, v/v)

Solvent : vegetable
material ratio (mL:g)

Tempe
(°C)

78(0) 30(0) 40(0)
60(−1) 20(−1) 40(0)
78(0) 30(0) 40(0)
78(0) 40(+1) 50(+1)
96(+1) 20(−1) 40(0)
60(−1) 30(0) 50(+1)
78(0) 20(−1) 30(−1
96(+1) 40(+1) 40(0)
96(+1) 30(0) 30(−1
60(−1) 40(+1) 40(0)
78(0) 40(+1) 30(−1
78(0) 30(0) 40(0)
60(−1) 30(0) 30(−1
96(+1) 30(0) 50(+1)
78(0) 30(0) 40(0)
78(0) 20(−1) 50(+1)

© 2024 The Author(s). Published by the Royal Society of Chemistry
When the complete quadratic equation was obtained for the
response variable mg of quercitrin/g of plant material (querci-
trin extraction) the only signicant coefficients, according to the
Pareto diagram (Fig. 5, Le), were linear and quadratic
components of the percentage of ethanol (A and A2, respec-
tively). In the complete quadratic model, the values of the
adjusted R-squared, p-value in the ANOVA, Durbin–Watson
statistic, and absolute average deviation were 0.9232, 7.162 ×

10−4, 0.416, and 3.0%, respectively. Aer performing the step-
wise backward elimination to obtain only the coefficients that
statistically contributed to the mathematical model (Fig. 5,
Right) eqn (1) was obtained. For such an equation the R-squared
(0.9228), p-value in the ANOVA (1.578 × 10−7), and absolute
average deviation (5.1%) were within the acceptable values.
Furthermore, the presence of autocorrelation was evaluated
using the Durbin–Watson statistic, obtaining a p-value of 0.412;
since this number is greater than 0.05 (Ho is not rejected), it can
be stated that the residuals of the model do not follow auto-
correlation, which means they are random. All evaluated
statistical parameters indicate that the model equation ts the
data correctly, so it can be predictive. In the process of stepwise
backward elimination, the independent variables A (percentage
of ethanol) and C (temperature) remained in the equation.
ticulata

rature mg of quercitrin/g
of plant material

Extraction yield
(% g:g)

0.613 19.00
0.573 16.90
0.524 15.47
0.657 21.61
0.311 11.47
0.692 20.57

) 0.484 13.61
0.324 12.51

) 0.330 11.16
0.639 21.02

) 0.482 14.86
0.543 17.12

) 0.577 17.37
0.402 14.25
0.533 19.25
0.606 19.77

RSC Adv., 2024, 14, 21874–21886 | 21881
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Fig. 5 Pareto diagram for the response variable “mg of quercitrin/g of plant material”. Left: Complete model. Right: After stepwise backward
elimination. Percentage of ethanol (A), material solvent ratio (B) and temperature (C).
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y = 2.8039 × 10−2A + 6.0377 × 10−3C

− 2.2938 × 10−4A2 − 0.47771 (1)

Optimization of the extraction parameters by means of eqn
(1) indicated that, within the studied range, the extraction of
quercitrin (mg of quercitrin/g of plant material) was maximized
at 60% (v/v) ethanol at 50 °C, independent of the solvent : plant
material ratio used, in agreement with what is shown in Fig. 6. If
the response surface diagram (Fig. 6) is observed, the higher the
percentage of ethanol and the higher the temperature, the
higher the quercitrin yield. This is due to the fact that querci-
trin, having a sugar moiety in its structure dissolves better in
water than alcohol, with the last one being less polar than water.

Next, the analysis was performed for the second response
variable, extraction yield (g dry extract/g dry leaves × 100). The
Pareto diagram (Fig. 7, Le) shows that when the complete
quadratic equation is used, the only signicant coefficient
corresponds to the one related to the quadratic component of
the factor percentage of ethanol (A2). In this complete model,
the values of adjusted R-squared, ANOVA (p-value), Durbin–
Watson statistic, and absolute average deviation were 0.7765,
0.015, 0.946, and 5.1%, respectively. Aer eliminating the non-
signicant coefficients in the mathematical equation, by using
Fig. 6 Response surface for the response variable mg of quercitrin/g of
g−1) are not presented, because the equation obtained after stepwise ba

21882 | RSC Adv., 2024, 14, 21874–21886
the strategy of stepwise backward elimination, the coefficients
A2, A, B, and C remained in the equation (Fig. 7, Right, eqn (2)).
As a result, an outstanding improvement of the adjusted R-
squared was found. The starting point was an adjusted R-
squared of 0.7765 in the complete quadratic equation and aer
the stepwise backward elimination, the adjusted R-squared was
increased to 0.8559. Aer this procedure, the p-value obtained
in the ANOVA (2.533× 10−5) and the absolute average deviation
(5.1%) were within the acceptance limits.

y = 0.74522A + 0.10309B + 0.24002C

− 0.5955 × 10−2A2 − 17.00429 (2)

The Durbin–Watson statistic (p-value 0.985) of this simpli-
ed equation indicates that the residuals of the model do not
follow autocorrelation. Evaluated statistical parameters indicate
that the model generated only with the signicant coefficients,
three of the linear components and one of the quadratic
components (eqn (2)), allows adequate modelling of the ob-
tained experimental data.

Optimum extraction conditions were calculated from eqn
(2). Within the studied range of each factor, an optimal
extraction yield is achieved at 60% (v/v) ethanol, with a solvent :
plant material. Figures related to the solvent : plant material factor (mL
ckward elimination did not consider any parameter of that factor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Pareto diagram for the response variable “extraction yield”. Left: Completemodel. Right: After stepwise backward elimination. Percentage
of ethanol (A), material solvent ratio (B) and temperature (C).
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material ratio of 40 mL g−1 at 50 °C. Such maxima can be
visualised in the response surface diagram (Fig. 8).

Ultrasound-assisted extraction has been optimized previ-
ously for the extraction of quercetin from other sources.
Optimum conditions for the maximum extraction of quercetin
from onion skin were attained at 44% (v/v) ethanol, 22 min, and
606 W.21 Furthermore, extraction at 82% (v/v) ethanol, 41 mL
solvent/g plant material ratio, 60 °C, 156 W, and 30 min gave
maximum extraction of quercetin from leaves and stems of
Dendrobium officinale.22 Moreover, the parameters obtained for
maximum extraction of quercetin from the stalks of Euonymus
Fig. 8 Response surface for the response variable extraction yield.

© 2024 The Author(s). Published by the Royal Society of Chemistry
alatus (Thunb.) Sieb were: 60% (v/v) ethanol, solvent volume :
sample ratio 40 mL g−1, 200 W, 30 min, 30 °C, and ultrasound
frequency 80 kHz.23 The differences in the optimal extraction
conditions for the extraction of quercetin explain the differ-
ences found in the optimal extraction conditions found for
quercitrin extraction in the current research [60% (v/v) ethanol
at 50 °C, independent of the solvent : plant material ratio used]
as compared with the previous report when extracted from
Polygonum capitatum Buch.-Ham. ex D. Don [66% (v/v) aqueous
ethanol, with an extractant : plant material ratio of 36 mL g−1].44
RSC Adv., 2024, 14, 21874–21886 | 21883
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Conclusions

In this research, a chromatographic RP-HPLC-DAD method was
validated for the quantication of quercitrin (quercetin-3-O-
rhamnoside) from Nectandra reticulata leaves. Furthermore, the
extraction of quercitrin was successfully optimized by means of
a Box–Behnken design. The validation of the chromatographic
method to analyze quercitrin allowed us to nd that between
the range of 5–180 mg quercitrin per L the response in absor-
bance at 350 nm presented a linear behavior. Recovery [93.8%
(w/w)], and precision as measured by (i) repeatability (intra-
assay, RSD 3.3% and SEM 0.35), (ii) intermediate precision
(intra-laboratory, RSD 5.4% and SEM 0.47), and (iii) reproduc-
ibility (inter-laboratory, RSD 1.4% and SEM 0.09) were within
the acceptable values as dened by ICH. Furthermore, the
chromatographic method was proven to be robust, in terms of
the stability of the retention time of quercitrin, when small
variations in ow rate, column temperature, and wavelength of
detection were done. In contrast, variations in formic acid
concentration in the mobile phase statistically affected the
retention time of quercitrin. Despite this aspect, the chro-
matographic method was specic. Quercitrin yield and chro-
matographic prole were found to depend on the location, with
the sample collected in Granada yielding the greatest amount of
quercitrin yield (2.380–3.399 mg of quercitrin/g of extract,
depending on the extraction method), followed by those from
Oiba (1.140–1.755 mg quercitrin/g of extract), and Chiquinquirá
(0.272–0.579 mg quercitrin/g of extract). Quercitrin extraction
(mg of quercitrin/g of plant material) by ultrasound-assisted
extraction was highly affected by the composition of aqueous
ethanol and temperature as evidenced by the Box–Behnken
design. The highest quercitrin extraction was obtained at 60%
(v/v) aqueous ethanol and 50 °C, independent of the solvent/
plant material ratio. Furthermore, extraction yield (g extract/g
plant material × 100) was affected by the three studied
factors: the composition of aqueous ethanol, temperature, and
solvent/plant material ratio, with the greatest values being ob-
tained at 60% (v/v) aqueous ethanol, 50 °C, and 40 mL g−1

solvent/plant material ratio. The methodology is suitable not
only for quercitrin quantication but also for its extraction from
N. reticulata leaves developed in this research provides an
important foundation for the formulation of
a phytotherapeutic.
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vision (equal); data curation (equal); writing-review; editing
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