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DEVELOPMENT OF ANEW SOLUTION FOR DETERMINING THE SOLUBILITY
LIMIT OF QUERCETIN AND OTHER POORLY SOLUBLE SUBSTANCES IN AQUEOUS
SOLUTIONS USING THE METHOD FOR DETERMINING TOTAL ORGANIC CARBON

Nataliia Khanina, Victoriya Georgiyants, Vadim Khanin

Aim. Given the incompleteness of literature data on the solubility of quercetin and the importance of this physi-
cochemical characteristic in the study of its bioavailability, there is a need to develop an alternative method for
accurately quantifying the solubility limit of quercetin.

Materials and methods. The concentration of quercetin in the samples was determined by directly determining the
total organic carbon. For measurements, a total organic carbon analyzer 450 TOC (METTLER TOLEDO) was
used with a range of measured values of 0.05—-1000 ppbC ugC/I.

Results. The exact limit of the solubility of quercetin, as a poorly soluble substance, has been established. Having
previously measured the value of total organic carbon in the prepared solutions, we obtained data on the concen-
tration of quercetin in solutions depending on the pH of the solution.

Having built a graphical dependence of the measured values of the concentration of a substance on the pH values
of the studied solutions, we obtain a mathematical equation of the reliance. Using the resulting function equation,
one can approximate the concentration value of a substance with a pH value of 7.0. This value will be the solubility
limit of the test substance for neutral media.

Conclusions. As a result of the research, a new method was proposed for the quantitative determination of the sol-
ubility limit of a substance, with an accuracy not exceeding 5.0 %. The method is based on measuring the concen-
tration of total carbon in acidic solutions with different pH values and subsequent approximation of the obtained
dependence of the pH value equal to 7.0
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1. Introduction

In recent years, more and more people have
turned to the using herbal drugs for the treatment and
prevention of various diseases. The importance of the
research on herbal preparations is that it allows us to
use them more effectively in medical practice, reduce
the risks of side effects, and improve the quality of life
of people. Approximately more than 3000 varieties of
flavonoids have been identified, and it has aroused par-
ticular interest recently because of their potential bene-
ficial effect on human health. They have reported to
have antiviral, anti-allergic, antiplatelet, anti-inflamma-
tory, antitumor, antioxidant, and treatment of neurode-
generative disorders [1]. Flavonoids are categorized into
six classes according to their chemical structure flavo-
nols, flavones, flavanones, flavanols, isoflavones, and
anthocyanidins [2].

Quercetin, a plant-derived aglycone form of flavo-
noid glycoside, has been used as a nutritional supplement
and may be beneficial against various diseases. Some of
the beneficial effects include cardiovascular protection,
anticancer, antitumor, anti-ulcer, anti-allergy, anti-viral,
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anti-inflammatory activity, anti-diabetic, gastroprotec-
tive effects, antihypertensive, immunomodulatory, and
anti-infective [3, 4].

One of the core most remarkable properties of quer-
cetin is its ability to modulate inflammation. Quercetin
inhibits inflammatory enzymes cyclooxygenase (COX)
and lipooxygenase, thereby decreasing inflammatory me-
diators such as prostaglandins and leukotrienes [5, 6].

The neuroprotective effects of quercetin are main-
ly due to its antioxidant capacity and ability to trap free
radicals. Quercetin supplementation may affect mito-
chondrial biogenesis, energy production and electron
transport chain performance, ROS production modifica-
tion, and mitochondrial defects. It can also pass through
the blood-brain barrier [7, 8].

Quercetin, along with ascorbic acid, reduces the
incidence of oxidative damage to human lymphocytes
and neurovascular structures in the skin and inhibits
damage to neurons. It protects brain cells against oxida-
tive stress, which damages tissue, leading to Alzheimer’s
and other neurological conditions [9]. Flavonoids are be-
lieved to be crucial in protecting neuronal injury [10].
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Flavonoid exerts neuroprotective actions within the brain,
including a potential to protect neurons against damage
induced by neurotoxins. It also has the additional ability
to suppress neuroinflammation and promote memory,
learning, and cognitive functions. Flavonoids are also
found to exhibit protective features capable of preventing
more serious degenerative diseases and many forms of
cerebrovascular disease associated with dementia and
stroke, affecting predominantly elderly people [11]. Fla-
vonoid-rich plant or food supplement improves cognition
functions and protects vulnerable neurons by enhancing
existing neuronal function or by stimulating neuronal
regeneration [12—-14].

Several studies have been conducted to study the
effect of quercetin on the COVID-19 virus, which has
presented a particular danger in recent years and caused
one of the largest pandemics. One study published in the
journal Nutrients in 2020 found that quercetin can reduce
the production of cytokines that promote inflammation
in the lungs, which may be useful in treating
COVID-19 [15, 16].

However, the issue of quercetin bioavailability is
still under study and debate. When conducting such re-
search, we are forced to adhere to certain standards. One
of these is the Biopharmaceutics Classification System,
BCS (Biopharmaceutics Classification System) guidance.
It, in particular, defines the criteria and requirements for
the characteristics of substances that can be studied by
this method [17].

It is a system of classifying drugs based on their
physicochemical properties, which helps study and pre-
dict their solubility and bioavailability. Solubility is a key
parameter that affects the effectiveness and safety of
drugs since only dissolved components can be absorbed
by the body. It is based on two parameters: solubility
coefficient and penetration coefficient. The solubility
coefficient characterizes the ability of the medicinal sub-
stance to dissolve in water or other solvents, and the
penetration coefficient — the ability of the medicinal
substance to penetrate through cell membranes [17].

According to the BCS system, medicinal products
are classified into four classes. Class 4 drugs have low
solubility and low penetration coefficients. These drugs
have difficulties with dissolution and absorption by the
body. This class includes, for example, almost all-natural
plant extracts, as they contain components that are poorly
soluble in water or other solvents. Belonging to class 4 and
the physicochemical properties of these substances create
a big obstacle in the way of studying these substances
since research can only be carried out “in vivo”, which
makes research dramatically more expensive. Quercetin
also belongs to lipophilic compounds. For this reason, the
bioavailability of quercetin is very often low [17].

The solubility limit is a specific characteristic of a
substance. Using this feature of measurements, it can be
argued that both selective and non-selective analysis
methods are suitable for research. Since the object of
study is a nonionic organic substance, methods that de-
termine the concentration of charged particles in a solu-

tion are unsuitable for solving the problem. However, the
method of determining total organic carbon (not a selec-
tive analysis method) can be considered in this case.
With sufficient sensitivity, at the level of one mg/ml, with
a wide linear concentration range from 0.05 mg/ml to
1000 mg/ml, it is the best method for investigating the
concentration of quercetin in acidic aqueous solutions. At
the same time, this method does not require measure-
ments of the reference substance, which allows you to
confirm or refute the results obtained earlier [18].

The method of determining the solubility limit of
quercetin in aqueous solutions by the HPLC-MS method
successfully allowed us to establish the value of this
characteristic. However, working with very low concen-
trations of quercetin creates a problem with the accuracy
of the obtained measurements, and the requirements for
measurement error are very strict. A second argument in
favour of using a total organic carbon analyzer is the fact
that this method does not require the use of standards for
analysis. That greatly simplifies and lowers the cost of
the research process. It is known from the literature that
quercetin has good solubility in acid solutions, at least
0.06 mg/ml [19]. Thus, for quercetin solutions in acidic
and weakly acidic environments, it is possible to obtain
fairly accurate values of the solubility limit.

Using the above considerations, there was a need
to create a methodology for the quantitative determina-
tion of the solubility limit of quercetin by the method of
determining total organic carbon in acidic and slightly
acidic water environments. It was also necessary to de-
velop a method for the quantitative determination of the
solubility limit of a substance with a determination error
of no more than 5.0 %, which would allow comparison of
the determination results with the data of other methods,
particularly chromatographic.

2. Planning (methodology) of research

The exact determination of the solubility limit of
substances that are poorly soluble in aqueous solutions,
such as quercetin, requires the following stages:

a) development of a method for the quantitative
determination of quercetin in acid solutions in the range
of different pH values by the method of determining total
organic carbon;

b) having established the value of total organic
carbon in the prepared solutions, we obtain data on the
concentration of quercetin in the solutions depending on
the pH of the solution;

c) measurement of the quantitative value of the
solubility limit of quercetin in solutions with different
pH values;

d) the last stage consists of the analysis of the ob-
tained measurement data and the calculation of the quan-
titative value of the solubility limit of quercetin using
models of mathematical extrapolation.

The research consists of theoretical and practical
substantiation of the need to establish the exact value of
the solubility limit of quercetin by an alternative method.
In the process of studying the bioavailability of such poor-
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ly soluble substances as quercetin, it is of great importance
to establish the exact value of the solubility limit.

3. Materials and methods

3. 1. Materials

Quercetin substance — Sophora Japonica Extract,
98 % HPLC UV Quercetin Powder 117-39-5 (Wuhan
Recedar Biotechnology Co., Ltd). The analyzer of total
organic carbon 450 TOC (METTLER TOLEDO), range
of measured values 0.05-1000 ppbC pgS/1, pH meter 827
pH lab; 230 V, EU with Primatrode (Metrohm), balance
XP 205, Analytical Balance (METTLER TOLEDO), Wa-
ter for injection (>15 mQ-cm [0.067 puS/cm]), 773185,
(MilliporeSigma), Hydrochloric acid solution, volumet-
ric, 0.1 M HCI (0.IN), (100 %), endotoxin-free, 10037
(MilliporeSigma), class A measuring glassware.

3. 2. Sample preparation methodology

Four solutions of quercetin with an initial concen-
tration of 6.0 mg/ml were used as the research object.

Preparation of 4 test solutions: 6.0 mg (exact
weight) of carefully ground and dried to constant weight
quercetin sample was placed separately in 1000 ml flasks,
900 ml of water was added to each flask and potentio-
metrically titrated with 1 M hydrochloric acid until pH
values of 3.0, 4.0, 4.5, 5.0 were obtained for each solution
respectively. After that, the obtained suspensions were
dissolved in an ultrasonic bath for 10 min and brought to
the mark with the same solvent with subsequent mixing.

The concentration of quercetin in the obtained
samples was determined directly by the method of deter-
mining the total organic carbon.

The validation of the methodology was carried out
following the requirements of the State Pharmacopoeia of
Ukraine [20]. Before conducting the main validation tests,
the presence of documents confirming the suitability of the
used equipment, raw materials, and reagents was monitored.

3. 3. Processing of received data

Excel (Microsoft Office 2021) was used to calcu-
late the parameters of the classification equations and
construct graphs.

Based on the obtained measurement results, the
concentration of quercetin was calculated for each tested
solution with different pH values.

Plotting the graphical dependence of the obtained
values of the concentration of quercetin on the pH values
of the investigated solutions allows for obtaining a math-
ematical equation of the dependence. Using the con-
structed equations of functions, by the method of approx-
imation, we obtain the value of the concentration of the
substance at a pH value of 7.0. This will be the solubility
limit of the tested substance for neutral media.

4. Result

Quercetin is one of the typical representatives of
bioflavonoids, the bioavailability of which cannot be
studied according to the requirements of the BCS system.

However, using the technique we developed to
quantify quercetin, it is possible to study the dissolution
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kinetics of such substances in aqueous media with a pH
close to neutral, as required by BCS.

All lipophilic substances, as a rule, dissolve well in
aqueous environments with acidic, slightly acidic, slightly
alkaline, and alkaline pH values. In particular, quercetin is
highly soluble in acidic media. Thus, it becomes possible to
accurately determine the solubility limit for solutions of the
substance under investigation in acidic or alkaline media
because the high solubility of the substance sharply increas-
es the limit of quantitative detection of the technique.

Thus, we get some solutions where the only carbon
source is the quercetin we introduced. Using the method
of determining total carbon, based on the technology of
continuous measurement, in the flow of the analyzed
liquid passing through a quartz tube of a spiral shape,
with constant exposure to UV radiation. This leads to the
complete oxidation of quercetin with the formation of
carbonic acid and the appearance of ionic conductivity.
The device calculates the total content of organic carbon
by differential electrical conductivity, which is measured
by high-precision conductometric sensors.

Having previously measured the value of total or-
ganic carbon in the prepared solutions, we obtained data
on the concentration of quercetin in the solutions depend-
ing on the pH of the solution.

After plotting the graphical dependence of the
measured values of the concentration of the substance on
the pH values of the investigated solutions, we obtain a
mathematical equation of the reliance. Using the result-
ing equation of the function, it is possible to approximate
the value of the concentration of the substance at a pH
of 7.0. This value will be the solubility limit of the inves-
tigated substance for neutral media.

Below are the results of measuring quercetin solu-
tions in acidic environments with pH values of 3.0, 4.0,
4.5, and 5.0 (Tables 1-4).

Table 1
Measured values of total carbon at pH 3.0
TOC of | Measured | Corrected | The concentration
No. | the solvent,| value of value of | of quercetin in the
ppbC | TOC, ppbC | TOC, ppbC | sample, mg/mL
1 0.009 0.150 0.141 0.00236
2 0.009 0.155 0.146 0.00245
3 0.009 0.153 0.144 0.00242
Relative standard deviation, % 1.75
Table 2
Measured values of total carbon at pH 4.0
TOC of | Measured | Corrected | The concentration
No. | the solvent,| value of | value of |of quercetin in the
ppbC  |TOC, ppbC|TOC, ppbC| sample, mg/mL
1 0.009 0.092 0.083 0.00139
0.009 0.090 0.081 0.00136
3 0.009 0.093 0.084 0.00141
Relative standard deviation, % 1.84

For the measured values, a statistical analysis of
the obtained values was carried out, which included the
calculation of average values, standard deviation, and
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relative standard deviation. The obtained values are
shown below in Table 5.

Table 3
Measured values of total carbon at pH 4.5
TOC of | Measured | Corrected | The concentration
No.| the solvent,| value of value of | of quercetin in the
ppbC | TOC, ppbC | TOC, ppbC| sample, mg/mL
1 0.009 0.086 0.077 0.00129
2 0.009 0.085 0.076 0.00127
3 0.009 0.087 0.078 0.00131
Relative standard deviation, % 1.29
Table 4
Measured values of total carbon at pH 5.0
TOC of | Measured | Corrected | The concentration
No.| the solvent,| value of | value of |of quercetin in the
ppbC | TOC, ppbC | TOC, ppbC| sample, mg/mL
1 0.009 0.075 0.066 0.00110
2 0.009 0.076 0.067 0.00112
3 0.009 0.075 0.066 0.00111
Relative standard deviation, % 1.12
Table 5

Average values of total carbon at pH: 3.0, 4.0, 4.5, 5.0

Average values con- | Average values concen-
The pH . . . ..
No. value gentratlon of quercetin | tration of quercetin in
in the sample, mg/mL | the sample, mg/mL

1 3.0 0.00241 0.00236

2 4.0 0.00139 0.00139

3 4.5 0.00129 0.00129

4 5.0 0.00111 0.0011

Relative standard deviation, % 0.5657
For the total carbon analyz-
er used for the measurement, ac- 0.0025
cording to the manufacturer’s
data, the measurement error 2 0.002
should not exceed +0.1 ppbC at a %
TOC concentration <2.0 ppbC (water =
quality>15 mQ-cm  [0.067 pS/cm]). % 0.0015
Reproducibility of measurements &
should have an error of no more than é
+0.05 ppbC<5 ppbC, 1.0 %>5 ppbC. E 0.001
The error of sample preparation for ©
the method used in the measure- % 0.0005
S 0.

ments was 0.2 %.

Thus, taking into account the
above data, it can be stated that the 0
obtained results are statistically val-
id since a significant measurement
error does not burden them, no more
than 2 %, which allows them to be
used to predict the value of the solu-
bility limit for environments with a pH of 7.0 by the
method of extrapolation of the obtained dependence of
the measured values of the pH value of the investigated
solutions.

Using the averaged values of the concentration of
quercetin, a graphical dependence of the measured val-

ues of the pH value of the investigated solutions was
constructed. The resulting dependence graph is shown
below (Fig. 1).

The main task of the study was to find the value of
the concentration of quercetin at neutral pH, which
would satisfy the BCS requirements [17].

The solution to this problem consists of an attempt
to approximate the obtained experimental data with a
certain mathematical function and the extrapolation
method to find the concentration point at pH=7. For this
purpose, two variants were considered: a polynomial
function of the 2nd degree and a power function. The
obtained results are presented in Fig. 2, 3.

The regression analysis of the obtained dependen-
cies made it possible to calculate a number of statistical
parameters: standard deviation (SD, ), Fisher’s test (F),
determination test (R?), and probability (%) [21]. The
values are given in Tables 6, 7.

After conducting a comparative analysis of the
obtained values of the specified statistical parameters,
the power function was determined as the model that
most accurately describes the presented graph.

In order to assess how adequately we established
the correlation between the measured parameters, we
used the coefficient of determination (R*) and Fisher’s
test, which helps to avoid a biased assessment when
choosing.

For the equation of the power function, the re-
quirements of the Fisher test are fulfilled. Given this
value, as well as the coefficient of determination, residu-
al standard deviation, and probability, it can be used to
predict the required value — the dissolution limit. For this,
the obtained experimental dependence was approximat-
ed by a power function (Fig. 2).

PH VALUE 45 >

Fig. 1 Graph of the dependence of the measured values on the pH value of the

investigated solutions

According to the above tables, the value of R* for the
power function and for the 2M-order polynomial was al-
most the same value (0.97). However, the probability val-
ue (%) for the 2"-order polynomial was 12.9 % compared
to the static function, which was 2.6 %. Fisher’s criterion
(F) for the power function was 37.048, and for the polyno-
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mial function— 32.120. The residual standard deviation
(SD,, ) for the power function was 0.092, and for the
2m-order polynomial was 0.099. The results evaluate the
polynomial dependence of the 2" degree as less suitable
for the interpretation of the research results [22]. In graphs

2 and 3, the power function and polynomi-

organic carbon (TOC) method, has a lower margin of
error because it is direct and DOES NOT require stan-
dards. The process of sample preparation is simpler,
which allows us to conclude that with the help of the
second method we managed to get a more accurate result.

al of the 2" degree, respectively, we can 2:50000
observe the location of the concentration
points obtained by theoretical calculation 2.00000
and experimentally. It is clear that the lo-
cation of the points, both theoretical and =
practical, is best determined by the power & 1.50000 .
function. «%
Knowmg the pH value at Whlch g 100000
we should obtain the value we are inter- 2
ested in, we can calculate from the equa- 3
tions of the proposed functions the value 0.50000
of the concentration of the solubility
limit. Thus, using the power function and
solving the system of equations using the 0.00000
Excel package, we obtained the concen- 0 1 2 3 4 > 6
tration value corresponding to the pH 7 pH value
point. Th.e .obta.ine.d value corr.esponds to Fig. 2. Graph of a power function
the solubility limit of quercetin. The ob-
tained value was 0.7 pg/ml as a result of 2.50000
solving the static function equation.
It should be noted that the ob-
tained data are correlated with the data 2.00000
obtained by us in the first experiment, =
during which the method of tandem 2 1.50000
chromatography-mass spectrometry was u%
used as a method of analytical analysis. % 1.00000
In an experiment using the HPLC-MS 2
method, values of 3.02 pg/ml were ob- O
tained for the 3"-degree polynomial. [18]. 0.50000
It should be noted that the method using
HPLC-MS has a higher error than the 0.00000
method proposed in this article. Because 0 1 9 3 4 5 6
it requires a star}dard substapce, and the pH value
sample preparation process is more com-
plicated. The second method, the total Fig. 3. Graph of a polynomial of the 2™ degree
Table 6
Calculated criteria for the power function
Polynomial equation: y=A4*x"(—B)
y=11.818x"(—1.488)
Number of measurements (7) pH Output data Calculated data (Ycalc) Squared difference ((Y-Ycalc)*2)
1 3 2.3673 2.3045 0.00395
2 4 1.3935 1.5020 0.01176
3 45 1.2928 1.2605 0.00104
4 5 1.10057 1.0776 0.00053
Degree of freedom (k) 2 - -
Degree of freedom (n—k) 2 - -
Sum (Sum) 0.01728
Residual standard deviation (SD_ ) 0.09205
Fisher’s test (F) 37.048
Test value R>=1-1/F= 0.9730
Probability % (<5) 2.6
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Table 7
Calculated criteria for a polynomial of the 2™ degree
Polynomial equation: y=A4*x"2+B*x+C
y=0.2928x"2-2.957*x+8.5934
Number of measurements (7) pH Output data Calculated data (Ycalc) Squared difference ((Y-Ycalc)*2)
1 3 2.3674 2.35760 0.00010
2 4 1.3935 1.45020 0.00321
3 4.5 1.2928 1.21610 0.00589
4 5 1.10057 1.12840 0.00077
Degree of freedom (k) 3 — —
Degree of freedom (n—k) 1 - -
Sum (Sum) 0.00996
Residual standard deviation (SD,_ ) 0.09982
Fisher’s test (F) 32.120
Test value R>=1-1/F= 0.9689
Probability % (<5) 12.9

4. 1. Validation of the developed methodology

In the process of developing the TOC method for
the quantitative determination of quercetin, its validation
was carried out, as part of which it was shown that the
error of determining the content of quercetin in the sam-
ple does not exceed the maximum error for the specified
method in the entire concentration range of 5 %. Below
are the results.

The validation of the TOC method of quantitative
determination of the quercetin substance was carried out
according to separate validation characteristics: specific-
ity, linearity, convergence, precision, correctness, and
intra-laboratory precision [20].

To estimate the error of sample preparation of
model solutions and the standard solution, the theoretical
values of the uncertainty of the analytical operation were
calculated, which was Asp=5-0.32=1.6 %. At the same
time, the real error of sample preparation for the TOC
technique used in the measurements was 0.2 %, which is
much less than the established criterion. The above cal-
culations showed the insignificance of the influence of
the sample preparation error on the result of the quantita-
tive determination.

The solutions for conducting validation measure-
ments were prepared according to the following meth-
od: a precise suspension of a sample of the quercetin
substance, thoroughly ground and dried to a constant
mass, was placed in a 1000 ml flask, and 100 ml of
IM hydrochloric acid was added. After that, the suspen-
sion was dissolved in an ultrasonic bath for 10 minutes
and brought up to the mark with water, followed by
mixing. The blank solution was prepared similarly to
the investigated solution.

The linearity assessment was carried out in the
range (80—120 %) of the application of the technique
according to the standard method. The study of the na-
ture of the dependence of the signal as a function of
concentration was carried out using 9 model solutions
for analysis with exact concentration weights: 80, 85, 90,
95, 100, 105, 110, 115, and 120 %. At the same time, the
concentration taken as 100 % was the concentration of
quercetin (6 mg/ml), which is in the middle of the range

covering the minimum and maximum concentrations of
quercetin.

The obtained results were statistically processed
by the method of least squares following the require-
ments of the State Pharmacopoeia of Ukraine [20].

The calculated statistical values b, S,, a, S, S, (fi-
nal standard deviation), and r (correlation coefficient) are
given in Table 8.

Table 8
Linearity parameters and criteria (for given values)
Parameters Value

b 63.4165
Sb 0.2846

a 1-0.18143|
Sa 1.7207
RSD, 0.6614
RSD /b [0.01043|
RSD, 49.1262
r 10.9999)

Construction of the calibration graph was carried
out in normalized coordinates. For each of the nine
sample solutions, the average values of the peak area
(S7) were calculated. The obtained results were pro-
cessed by the method of least squares for the straight-
line Y=b-x+a (Table 9).

In our case, the requirements for parameters of
linear dependence are met over the entire range of appli-
cations of the technique (80—120 %).

To measure and calculate the metrological assess-
ment of the convergence and correctness of the method,
three peak area values were obtained for the comparison
solution and 27 peak area values for the model solutions.
We calculated the actual values (Xi fact), the ratio of the
average values of the peak areas for each of the 27 solu-
tions to the average value of the peak area of the compar-
ison solution, obtaining the values X=(C/C )-100 %,
Y=(S/S )-100 %, as well as value Z=(¥,/X)-100 %, which
is the concentration found as a percentage of the input.
The results of the calculations are given in Table 10.
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Linearity parameters and criteria in the normalized coordinates

Table 9 tude. Therefore, it is practically

impossible to use such data, but it is

necessary for the production of drugs

_ and the study of their bioavailability.

_ The method for determining the solu-

bility limit of quercetin in aqueous
solutions by HPLC-MS, which we

- initially developed to study this char-

- acteristic and establish an accurate

value, allowed us to quantify the sol-

- ubility limit and obtain adequate val-

ues [18]. However, working with very

low concentrations of quercetin and
the inability to compare with litera-
ture data created a problem for us in

the measurements’ reliability.
The solution to this problem

required the development of an alter-

Parameters | Value | Requirements 1 | Requirements 2 Conclusion
b 1.0008 — —
Sh 0.0044 — —
_ _ are maintained according
“ -0.0477) <=10.841] <179 to the first criterion
Sa 0.4525 — —
RSD, 0.17398 — -
RSD /b 10.17384| <=]2.6888| — criteria are met
RSD, 12.9099 — —
r [0.9999| >[0.9780| - criteria are met
Table 10
Parameters of accuracy and precision
- Parameters | Value Require- | Require- Conclusion
ments 1 | ments 2
Precision A 0.3029 <=5 — criteria are met
Accuracy | |Z,-100] |[0.03192] | <=0.0058 | <=1.5g | A maintained according
i to the first criterion

native method by which it would be
possible to confirm or refute the re-

To assess interlaboratory precision, a relative con-
fidence interval was used for 5 parallel determinations of
the quantitative content of substances, which should be
smaller than the maximum permissible uncertainty of
the analysis results: A <1.0 %. Tests were performed us-
ing the same batch of quercetin by different analysts on
the same carbon analyzer on different days using differ-
ent measuring vessels. The obtained value of the uncer-
tainty of the analysis results was 0.94 %.

Intra-laboratory precision was confirmed by the
fact that the value of the relative confidence interval for
five parallel determinations of one series of drugs meets
the acceptance criterion.

To prove that the TOC method is specific, it can be
considered sufficient that all the requirements for the
criteria of linearity, correctness, precision, and intra-lab-
oratory precision are met [21].

In the process of validating the TOC method of
quantitative determination of the quercetin substance,
results were obtained that meet the criteria of correctness,
linearity, precision, and interlaboratory precision, which
confirms the specificity of the investigated TOC method.

Thus, the results of the study of the validation
parameters of the TOC method of quantitative determi-
nation of the quercetin substance were obtained, which
fully meet the requirements of the established criteria,
which allows us to conclude that the error of the method
has a negligible effect on the result of the quantitative
determination. This method allows you to correctly
measure the concentration of quercetin with a given
accuracy (1.6 %) and can be reproduced in laboratory
conditions.

4. Discussion

As mentioned earlier, we currently have a variety
of literature data regarding the solubility limit of quer-
cetin in aqueous media with a neutral pH. The discrep-
ancy of these data is as much as five orders of magni-
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sults with a probability of 95 %, as
required by the pharmacopoeia. Therefore, the quantita-
tive method for determining the solubility limit of quer-
cetin by determining the total organic carbon developed
was a response to the above challenge and has several
major advantages. First, it eliminates the use of the
quercetin standard, significantly reducing the uncer-
tainty of the results. Utilizing of acidic media elimi-
nates the problem of quercetin dissolution in aqueous
media and reduces the measurement error at the level of
sample preparation with accurate concentration values.
Using the above measurements has allowed us to obtain
the results of the solubility limit of quercetin by the
method of determining total organic carbon method of
the same order as the previously obtained results by
HPLC-MS, which confirmed the correctness of the re-
sults and allowed them to be used for further study of
the bioavailability of quercetin in drugs.

Study Limitations. Like any analytical method,
determining total organic carbon has several drawbacks
in solving our problem. One of these disadvantages is the
inability to directly measure the concentration of querce-
tin at pH 7.0 since we only conduct studies at slightly
Another limitation of the method is the inability to mea-
sure quercetin concentration below 0.05 ppbC ngC/L
when using the specified equipment.

The method for determining total organic carbon
is quite simple to implement, does not require many
consumables implementation, and does not require any
consumables, standards, or special skills. In the phar-
maceutical industry, the TOC method is used to monitor
the cleanliness of the equipment and the presence of
residuals.

Prospects for further research. The quantitative
method developed by us can create the prospect of using
the method to determine the solubility limit of various
classes of organic substances. If further used, this meth-
od can be suggested to the pharmacopoeia as a standard-
ized means of determining the solubility limit.
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The method for determining total organic carbon
is quite simple to implement, however, it has limitations,
especially in quantitative analysis. The limitation of the
method is the impossibility of measuring the concentra-
tion of quercetin below 0.05 ppbC pgC/1. That is, the in-
vestigated substances must be well soluble in the solvents
chosen for the determination method. Since quercetin is
poorly soluble in aqueous media, we are forced to use
acidic media. The second limitation of the method is the
ability to analyze only organic substances.

In pharmaceutical production, the method of de-
termining total organic carbon is used to control the
cleanliness of the equipment and the presence of residual
substances. The quantitative technique developed by us
can create the prospect of using the method of determin-
ing the solubility limit of various classes of organic sub-
stances.

5. Conclusions

As a result of the conducted research, a an alterna-
tive method of quantitative determination of the solubili-
ty limit of a substance was proposed, which does not
exceed 5.0 % accuracy. The method is based on measur-
ing the concentration of total carbon in acidic solutions
with different pH values and further approximating the
obtained dependence of the pH value equal to 7.0.

A comparison of the data obtained by the proposed
method (0.7 pg/ml) and the data obtained using the chro-
matographic method (3.02 pg/ml) allows us to assert that
the method for determining total organic carbon allows
obtaining a more accurate value of the solubility limit of
quercetin in neutral environment This makes it possible
to use the developed method as a reference for the solu-
bility limit of lipophilic substances [18].

The verification of the technique showed that
the accuracy (no more than 2 %) and reproducibility
(0.94 %) of the obtained results fully meet the require-
ments laid down during its development, the error is
no more than 5 % and the reproducibility is no more
than 1.0 %.

Conflict of interests

The authors declare that they have no conflict of
interest in relation to this research, whether financial,
personal, authorship or otherwise, that could affect the
research and its results presented in this article.

Funding
The study was performed without financial support.

Data availability
The manuscript has no associated data.

References
1. Pal, D. K., Verma, P. (2013). Flavonoids: A powerful and abundant source of antioxidants. International Journal of Pharma-

ceutical Sciences and Research, 5, 95-98.

2. Tutelian, V. A., Lashneva, N. V. (2013). Biologically active substances of plant origin. Flavonols and flavones: Prevalence,

dietary sources, and consumption. Voprosy Pitaniia, 82, 4-22.

3. Lakhanpal, P., Rai, D. K. (2007). Quercetin: A Versatile Flavonoid. Internet Journal of Medical Update, 2 (2), 22-37. doi:

https://doi.org/10.4314/ijmu.v2i2.39851

4. Jung, J.-H., Kang, J.-I., Kim, H.-S. (2012). Effect of quercetin on impaired immune function in mice exposed to irradiation.
Nutrition Research and Practice, 6 (4), 301-307. doi: https://doi.org/10.4162/nrp.2012.6.4.301

5. Xiao, X., Shi, D., Liu, L., Wang, J., Xie, X., Kang, T., Deng, W. (2011). Quercetin Suppresses Cyclooxygenase-2 Expression
and Angiogenesis through Inactivation of P300 Signaling. PLoS ONE, 6 (8), €22934. doi: https://doi.org/10.1371/journal.pone.0022934

6. Liu, H., Zhang, L., Lu, S. (2012). Evaluation of Antioxidant and Immunity Activities of Quercetin in Isoproterenol-Treated
Rats. Molecules, 17 (4), 4281-4291. doi: https://doi.org/10.3390/molecules17044281

7. Lee, K. M., Hwang, M. K., Lee, D. E., Lee, K. W., Lee, H. J. (2010). Protective Effect of Quercetin against Arsenite-Induced
COX-2 Expression by Targeting PI3K in Rat Liver Epithelial Cells. Journal of Agricultural and Food Chemistry, 58 (9), 5815-5820.

doi: https://doi.org/10.1021/j1903698s

8. Dong, Y., Wang, J., Feng, D., Qin, H., Wen, H., Yin, Z. et al. (2014). Protective Effect of Quercetin against Oxidative Stress
and Brain Edema in an Experimental Rat Model of Subarachnoid Hemorrhage. International Journal of Medical Sciences, 11 (3),

282-290. doi: https://doi.org/10.7150/ijms.7634

9. Agrawal, A. D. (2011). Pharmacological Activities of Flavonoids: A Review. International Journal of Pharmaceutical Scienc-
es and Nanotechnology, 4 (2), 1394-1398. doi: https://doi.org/10.37285/ijpsn.2011.4.2.3

10. Vauzour, D., Vafeiadou, K., Rodriguez-Mateos, A., Rendeiro, C., Spencer, J. P. E. (2008). The neuroprotective potential of
flavonoids: a multiplicity of effects. Genes & Nutrition, 3 (3-4), 115-126. doi: https://doi.org/10.1007/s12263-008-0091-4

11. Salvamani, S., Gunasekaran, B., Shaharuddin, N. A., Ahmad, S. A., Shukor, M. Y. (2014). Antiartherosclerotic Effects of
Plant Flavonoids. BioMed Research International, 2014, 1-11. doi: https://doi.org/10.1155/2014/480258

12. Denny Joseph, K. M., Muralidhara. (2013). Enhanced neuroprotective effect of fish oil in combination with quercetin
against 3-nitropropionic acid induced oxidative stress in rat brain. Progress in Neuro-Psychopharmacology and Biological Psychiatry,

40, 83-92. doi: https://doi.org/10.1016/j.pnpbp.2012.08.018

13. Parasuraman, S., Maithili, K. S. (2014). Antioxidant and drug metabolism. Free Radicals and Antioxidants, 4 (1), 1-2. doi:

https://doi.org/10.5530/fra.2014.1.1

14. Prochdzkova, D., Bousova, 1., Wilhelmova, N. (2011). Antioxidant and prooxidant properties of flavonoids. Fitoterapia,

82 (4), 513-523. doi: https://doi.org/10.1016/j fitote.2011.01.018

61




ScienceRise: Pharmaceutical Science Ne 4(44)2023

15.Li, Y., Yao, J., Han, C., Yang, J., Chaudhry, M., Wang, S. et al. (2016). Quercetin, Inflammation and Immunity. Nutrients,
8 (3), 167. doi: https://doi.org/10.3390/nu8030167

16. Salehi, B., Machin, L., Monzote, L., Sharifi-Rad, J., Ezzat, S. M., Salem, M. A. et al. (2020). Therapeutic Potential of Querce-
tin: New Insights and Perspectives for Human Health. ACS Omega, 5 (20), 11849—11872. doi: https://doi.org/10.1021/acsomega.0c01818

17. Nastanova z klinichnykh doslidzhen «Likarski zasoby. Doslidzhennia biodostupnosti ta bioekvivalentnosti» (Nastanova
42-7.1:2005) (2005). Kyiv: Ministerstvo okhorony zdorov’ia Ukrainy.

18. Khanina, N., Georgiyants, V., Khanin, V. (2023). Development of a method for the quantitative determination of the solubil-
ity limits of poorly soluble in water substances on the example of quercetin. ScienceRise: Pharmaceutical Science, 3 (43), 58—66. doi:
https://doi.org/10.15587/2519-4852.2023.283293

19. PubChem. Available at: https://pubchem.ncbi.nlm.nih.gov/compound/Quercetin

20. Derzhavna Farmakopeia Ukrainy. Vol. 1. Kharkiv: Derzhavne pidpryiemstvo «Ukrainskyi naukovyi farmakopeinyi tsentr
yakosti likarskykh zasobiv», 1, 1128.

21. Epshtein, N. A. (2019). Validation of Analytical Procedures: Graphic and Calculated Criteria for Assessment of Methods
Linearity in Practice. Drug Development & Registration, 8 (2), 122—130. doi: https://doi.org/10.33380/2305-2066-2019-8-2-122-130

Received date 20.06.2023
Accepted date 24.08.2023
Published date 31.08.2023

Nataliia Khanina*, PhD Student, Department of Pharmaceutical Chemistry, National University of Pharmacy,
Pushkinska str, 53, Kharkiv, Ukraine, 61002

Victoriya Georgiyants, Doctor of Pharmaceutical Sciences, Professor, Head of Department, Department of
Pharmaceutical Chemistry, National University of Pharmacy

Pushkinska str., 53, Kharkiv, Ukraine, 61002

Vadim Khanin, PhD Chemistry, QC Specialist, State Laboratory of Drug Quality Control, National University of
Pharmacy, Pushkinska str., 53, Kharkiv, Ukraine, 61002

*Corresponding author: Nataliia Khanina, e-mail: natalykhanina@gmail.com

62




