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1. Introduction
At the current stage of the development of the 

pharmaceutical industry, medicinal products of plant or-
igin occupy a significant part both in the national market 
and in the leading markets of the world [1]. According to 
experts, about 25 % of medicines used in medical prac-
tice worldwide are obtained directly from the medicinal 
plant’s raw materials [2]. The popularity of herbal prepa-
rations depends on the characteristic feature of most of 
them: a milder, safer effect on the body and the absence 
of dangerous side effects compared to preparations of 
synthetic origin [3, 4]. The group of flavonoids occupies 
a special place among the most common plant compo-
nents due to its spectrum of pharmacological action. 
During the epidemic of COVID-19, drugs based on quer-
cetin have proven themselves as an effective tool in the 
fight against the virus and a tool for restoring the body 
after a long period of illness in combination with other 
known groups of drugs [5, 6]. From the above, it can be 
concluded that the research of drugs containing compo-
nents of plant origin is extremely important for further 
developing pharmaceutical activity in the development of 
both original and generic drugs [7, 8].

One of the important aspects in the study of medic-
inal products of any origin is their physicochemical prop-
erties, one of which is solubility. Important factors affect-
ing solubility are particle size, moisture, the structure of 
the crystal lattice [9, 10]. These parameters are rarely 
considered when conducting studies to determine the sol-
ubility of substances. However, these factors can have a 
significant effect on the thermodynamics of the process, 
and their parameters must be taken into account [11–13].

To date, in the Pharmacopoeia of Ukraine, there is no 
way to quantify the solubility of substances, which creates a 
big problem for sparingly soluble and practically insoluble 
substances because it is simply impossible to evaluate their 
solubility quantitatively, using only subjective methods of 
visual assessment. The European Pharmacopoeia also does 
not contain similar described methods for determining the 
exact value of the solubility limit [14, 15].

The biowaiver approach based on the Biopharma-
ceutical Classification System is intended to reduce the 
number of in vivo bioequivalence studies, i.e., it can be 
considered a substitute for in vivo bioequivalence stud-
ies [16]. In vivo bioequivalence studies may not be con-
ducted if the assumption of in vivo equivalence can be 
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justified by satisfactory in vitro data [17, 18]. Given the 
great value of clinical research, it is very important to be 
able to carry out the biowaiver procedure based on BCS  
as a study preceding full-scale clinical trials. This is es-
pecially important for developing and producing generic 
medicines because saving material, time, and human re-
sources will be significant. However, according to the 
BCS  classification, it is impossible to carry out the bio-
waiver procedure for poorly soluble substances [17, 18]. 
Thus, for generic drugs containing poorly soluble sub-
stances, it is impossible to establish identity with the 
original, which dramatically increases the risk of obtain-
ing negative results during clinical trials.

The study aimed to develop a method for the quan-
titative determination of the quercetin solubility limit, 
given the importance of this physicochemical character-
istic as a determining factor in the study of bioequiva-
lence and bioavailability.

To carry out the biowaiver procedure, it is neces-
sary to know the exact solubility limit of the active sub-
stance. This is a very important point because we must 
clearly understand in what volume of the solvent the dose 
of the active substance can be completely dissolved.

2. Research planning (methodology)
The research consists of theoretical and practical 

substantiation of the need to establish the exact value of 
the solubility limit of quercetin. This is the main thing 
in developing the method of quantitative determination 
and the study of dissolution kinetics in the process of 
biowaiver.

The study of the solubility of such poorly soluble 
substances in aqueous solutions as quercetin requires the 
following steps:

a) development of a method for quantitatively de-
termining quercetin in aqueous solutions in the range of 
given concentrations, which has sufficient sensitivity and 
selectivity;

b) study of the dissolution kinetics of quercetin. 
Measurement of the dissolution time and concentration of 
quercetin during the dissolution test in aqueous solutions. 
Obtaining the value of the optimal dissolution time;

c) measuring the quantitative value of the solubili-
ty limit of quercetin in water by gradually diluting the 
dissolution medium and determining the concentration 
of quercetin depending on the degree of increase in the 
volume of the solution and constructing a graphical de-
pendence with a characteristic curve. The concentration 
at the inflection point corresponds to the solubility limit 
of quercetin;

d) definition of a mathematical model that should 
describe the obtained experimental data at a probability 
level of 5 %. ITS statistical justification for small data 
samples (less than 10);

e) analysis of the data obtained using the selected 
mathematical model and calculation of the quantitative 
value of the solubility limit of quercetin by the method of 
taking the first derivative for the selected mathematical 
dependence, which corresponds to the value of the in-
flection point on the curve.

3. Materials and methods
3. 1. Materials
Quercetin substance – Quercetin HPLC (Wuhan 

Recedar Biotechnology Co., Ltd). The 1290 Infinity II 
LC System is an ultra-high performance liquid chroma-
tography instrument (Agilent Technologies), The 6530 
Q-TOF LC/MS Quadrupole Time of Flight LC/MS mass 
spectrometric detector (Agilent Technologies, laser dif-
fraction device (Malvern master-sizer 3000 (USA). Tri-
fluoroacetic acid for HPLC (Sigma-Aldrich, Germany), 
Acetonitrile P for HPLC (Sigma-Aldrich, Germany). 

3. 2. Chromatographic conditions of the HPLC 
method

For measurements, an Agilent 1290 liquid chro-
matograph with an Agilent 6530 TOF mass spectromet-
ric detector was used, using a 50×4.6 mm column filled 
with a sorbent with a grafted phase of octyl silica gel (L1), 
particle size – 1.7 μm; with thermostatic control (30 °C). 
Mobile phase A: 0.1 M solution of trifluoroacetic acid, 
degassed in an ultrasound bath, mobile phase B: acetoni-
trile P; injection volume – 10.0 μl. The highly selective 
time-of-flight mass spectrometer had the following set-
tings: ionization type: positive, electrospray (+ESI); mea-
surement mode: scanning in the mass range 50–1500; the 
voltage on the fragment is 10 V; nitrogen tempera-
ture – 350 °C; nitrogen consumption – 10 ml/min; pres-
sure on the nebulizer is 35 PSI; the voltage on the capil-
lary is 4 kV. Elution mode: gradient (Table 1).

Table 1
Gradient program

τ, min MP А, % MP В, %
0 100 0
5 100 0

10 50 50
15 50 50
16 100 0
20 100 0

The comparison solution (c) was chromatographed, 
obtaining from 2 to 6 chromatograms. For the peak areas 
of quercetin, the relative standard deviation (RSD) is 
calculated from the obtained chromatograms.

Obtaining parallel chromatograms (n0) is stopped 
when the RSDmax requirements for the content tolerance 
of 15 %, specified in Table 2, are reached [19].

Table 2
Parallel measurement accuracy requirement

n0 2 3 4 5 6

RSDmax 0.76 2.01 2.88 3.56 4.13

20 μl each of the tested solutions and the compar-
ison solution is chromatographed on a liquid chromato-
graph, and the number of chromatograms is not less than 
when checking the suitability of the chromatographic 
system.
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3. 3. Processing of received data
Excel software (Microsoft Office 2021) was used 

to calculate the parameters of the grading equations and 
construct graphs. Using the obtained measurement re-
sults by the external standard method, the concentration 
of quercetin was calculated for each tested solution, and 
the dependence of the concentration of quercetin on the 
volume of the solution was plotted.

The resulting curve will always represent a 
non-linear relationship with the point of maximum quer-
cetin content – the solubility limit – as a maximum on the 
curve (Fig. 2).

For a more accurate determination of the maximum 
position on the curve, the obtained dependence is approx-
imated by a polynomial function of the 2nd or 3rd order with 
the subsequent taking of the first derivative (Fig. 4, 5). For 
this, we used a package for mathematical data processing – 
MicroCal Origin version 3.01 (USA).

4. Result
When formulating the approach, we assumed that 

the main reasons limiting the solubility of quercetin in 
aqueous media are thermodynamic and diffusion limita-
tions. The former limits the concentration of quercetin in 
the solution, and the latter determines the kinetics of the 
dissolution process.

Thus, the experiment was divided into two stages. 
During the first one, it was necessary to set an hour 
during which the concentration of quercetin – 6 mg was 
transferred to the solution in order to guarantee the max-
imum approximation of the concentration of quercetin in 
the obtained solution to its equilibrium (pseudo-equilib-
rium) concentration.

The volume of the solution was determined in such 
a way (1000 ml) that the dissolution process had no ther-

modynamic limitations and met the requirements of 
BCS [17]. According to the conditions of our experiment, 
for the preparation of the investigated solutions, we took 
a sample of the quercetin substance for which the mois-
ture content, the content of the substance in the sub-
stance, and the degree of pulverization of the substance 
were characterized by the manufacturer. 

The quercetin sample was dried to a constant 
weight at 500C in a vacuum before use. The content of 
compatible impurities in quercetin did not exceed 0.2 %.

Since the sample of quercetin was ground before 
the preparation of the solutions (standard grinding in a 
mortar was used), the size of the particles obtained after 
grinding was measured. A laser diffraction device mod-
el, MALVERN MASTERSIZER 3000 (USA), was used 
for measurement. Water was used as a solvent. Fraun-
hofer scattering model. Below are the results of the 
measurements.

The results showed that the vast majority of parti-
cles are sized from 60 to 90 μm. This size of the particles 
makes it possible to obtain the kinetics of the dissolution 
of poorly soluble substances when the equilibrium (pseu-
do-equilibrium) concentration of quercetin in the solu-
tion is reached within a period of 30-40 minutes. These 
data are in good agreement with the data of the au-
thor [19]. Thus, the choice of the dissolution time of the 
quercetin concentration was justified. Other dissolution 
conditions met the BCS requirements for the dissolution 
test conditions during the biowaiver. The dissolution 
medium is purified water with a pH of 7.0. The volume 
of the dissolution medium is 1000 ml. Solubility tester 
according to the USP method 2 (shovel). The rotation 
speed is 100 rpm. Heating temperature: 37 °C (±0.2 °C). 
Sampling was carried out from the centre of the vessel 
after 5, 10, 20, and 30 minutes.

Fig. 1. Graph of the distribution of particles in a sample of ground quercetin
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The volume of the samples was 1.0 ml. The total 
volume taken during the analysis was 4.0 ml, which 
slightly affects the concentration of quercetin in the solu-
tions for which measurements were made.

An aliquot was centrifuged for 10 minutes at 
10,000 rpm. 0.5 ml of the upper layer was carefully taken 
after centrifugation, avoiding hitting the agglomerates of 
the lower layer, and transferred to vials for chromatography.

Using a mass spectrometric detector made it pos-
sible to identify the investigated substance by the molec-
ular ion’s mass and sharply increased the selectivity and 
sensitivity of the developed analytical technique in rela-
tion to the spectrophotometric detection of the specified 
substance.

The results of the first part of the experiment are 
given in Table 3.

Table 3
The results of determining the quantitative content of 

quercetin passed into solution depending on the time of 
analysis

Sampling 
time, min

The peak area 
of quercetin was 

determined, S

Quercetin con-
tent, mg/ml

Quercetin 
content from 
nominal, %

5 120.157 0.00069 11.44
10 547.437 0.00313 52.14
20 745.922 0.00470 78.33
30 818.272 0.00496 82.71

Based on the obtained results, a dependence char-
acterizing the degree of transition of quercetin into the 
solution from the time of measurement was constructed. 
The graph of the concentration of quercetin in the solu-
tion versus time is a typical Langmuir isotherm and is 
shown below (Fig. 2).

The degree of release of quercetin into the solution 
was calculated as the fraction of quercetin that went into 
the solution to the initial weight taken for the study and 
was measured in relative units.

Analysis of the resulting dependence allows us to 
state that the quercetin concentration close to equilibri-
um (pseudo-equilibrium) is reached within 30 minutes. 

Following the requirements of BCS, the release of the 
substance into the solution is satisfactory when 80 % of 
the initial weight of the substance under investigation is 
dissolved. It should be noted that the concentration of 
quercetin in the solution corresponding to these condi-
tions is equal to 0.0047 mg/ml, which is reached after 
20 minutes. This indicates that the maximum concentra-
tion has been reached, and the variability of all subse-
quent measurements is due only to the error of the anal-
ysis. The obtained dissolution time of the quercetin 
suspension is in good agreement with the data obtained 
by the article’s authors [19].

The obtained value of the time required to dissolve 
a selected amount of quercetin in a given volume of sol-
vent allowed us to proceed to establish the actual solubil-
ity limit of quercetin by determining its concentration in 
aqueous solutions.

The second part of the experiment was aimed at 
quantitatively determining the concentration of quercetin 
in the solution, corresponding to its solubility limit. For 
this, five tested solutions of different concentrations and 
volumes were prepared.

Five investigated solutions were prepared simulta-
neously:

– test solution 1: 1.0 mg (exact weight) of a thorough-
ly ground sample of quercetin was placed in a 200 ml flask, 
50 ml of water P was added, and the weight was dissolved 
in an ultrasonic bath for 10 minutes, after which it was 
brought up to the mark with the same solvent and mixed;

– test solution 2: 1.0 mg (exact weight) of a thorough-
ly ground sample of quercetin was placed in a 500 ml flask, 
300 ml of water P was added, and the weight was dissolved 
in an ultrasonic bath for 10 minutes, and mixed;

– test solution 3: 1.0 mg (exact weight) of a thor-
oughly ground sample of quercetin was placed in a 
500 ml flask, 350 ml of water P was added, and the 
weight was dissolved in an ultrasonic bath for 10 minutes, 
and mixed;

– test solution 4: 1.0 mg (exact weight) of a thor-
oughly ground sample of quercetin was placed in a 
500 ml flask, 400 ml of water P was added, and the 
weight was dissolved in an ultrasonic bath for 10 minutes, 
and mixed;

– test solution 5: 1.0 mg (exact weight) of a thor-
oughly ground sample of quercetin was placed in a 
500 ml flask, 400 ml of water P was added, and the 
weight was dissolved in an ultrasonic bath for 10 minutes, 
after which it was brought up to the mark with the same 
solvent and mixed.

Next, the selected samples of the tested samples 
and the comparison solution were carefully transferred to 
2 ml test tubes for centrifugation and centrifuged for 
10 minutes at 10,000 rpm. An aliquot of 1 ml of the upper 
layer was carefully taken after centrifugation, avoiding 
hitting agglomerates of the lower layer, and transferred 
to vials for chromatography.

The quercetin concentration was determined in 
the obtained samples using the chromatographic and ex-
ternal standard methods. The pharmacopeial standard – 
PS of the SPU was used as a standard.

Fig. 2. Graph of the dependence of the concentration of 
quercetin in the solution on time
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A comparison solution was prepared according to 
the following method: 6.0 mg (exact weight) of a thor-
oughly ground sample of quercetin was placed in a 
1000 ml flask, 500 ml of acetonitrile R was added, and 
the weight was dissolved in an ultrasonic bath for 10 
minutes, after which it was brought up to the mark with 
water R and stirred.

The comparison solution was prepared simultane-
ously with the preparation of the five tested solutions. All 
solutions were used immediately after preparation.

Table 4 below shows the concentrations of the 
tested solutions and the peak areas of quercetin that were 
measured for these solutions.

Table 4 
The quantitative content of quercetin passed into the 
solution depending on the volume of the test solution

The vol-
ume of the 
solution, l

The theoretical 
concentration 
of quercetin, 

mg/ml

The mea-
sured peak 

area of 
quercetin, S

Quer-
cetin 

content, 
mg/ml

Quer-
cetin 

content, 
mсg/ml

0.2 0.00500 170.78 0.0010 1.00
0.3 0.00333 354.58 0.0030 3.00
0.35 0.00286 348.03 0.0029 2.90
0.4 0.00250 289.18 0.0026 2.60
0.5 0.00200 194.58 0.0018 1.80

Output standard deviation (SD) 0.00847 0.84

Based on the measurement data, a non-linear de-
pendence was constructed in the “concentration – degree 
of dilution” coordinates (Fig. 3). The initial part of the 
curve shows an increase in the concentration of quercetin 
in the solution with an increase in the volume of the solu-
tion. This is probably due to a decrease in the thermody-
namic limit of the solubility of quercetin, which leads to an 
increase in its concentration in the solution with an ev-
er-increasing rate of dissolution of quercetin. This process 
continues until some equilibrium (pseudo-equilibrium) 
concentration is reached and is accompanied by a decrease 
in the dissolution rate of quercetin. A further increase in 
the volume of the solution, on the contrary, leads to a de-
crease in concentration since the reached equilibrium 
(pseudo-equilibrium) concentration of quercetin is subject 
to increasing dilution. This is expressed on the graph as a 
descending branch of the curve. The resulting point of in-
flection of this dependence will correspond to the com-
plete dissolution of the amount of quercetin that was taken 
to prepare the investigated solution.

In this case, the accuracy of setting the value cor-
responding to the solubility limit of quercetin is directly 
proportional to the number of measured values of the 
concentration of quercetin in the solution and, therefore, 
the points on the graph of the curve. Carrying out many 
determinations (at least 20) necessary to achieve the 
specified accuracy of 5 % when determining the solubil-
ity limit makes the proposed method unusually time-con-
suming and costly. This makes it impossible to use it for 
widespread use.

Therefore, the authors proposed an approach that 
allows for a small number of measurements (up to 10) to 

acquire a more accurate value of this point, which will 
correspond to the limit of solubility of quercetin in water.

The solution to this problem consists of an attempt to 
approximate the obtained experimental data with a certain 
mathematical function. For this, three options were consid-
ered: a polynomial of the 2nd degree and a polynomial of the 
3rd degree. The obtained results are presented in Fig. 4, 5.

The regression analysis of the obtained dependen-
cies made it possible to calculate a number of statistical 
parameters: standard deviation (SD), Fisher’s criteri-
on ( f ), determination criterion (R2), and probabili-
ty (%) [20]. The values are given in Tables 5, 6.

By comparing the values of the obtained values of 
the specified statistical parameters, the variant whose 
model most accurately describes the presented graph was 
found – a polynomial of the third degree.

Fig. 3. Graph of the dependence of the concentration of 
quercetin on the volume of the solvent
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In order to assess how adequate the correlation 
between the measured parameters is, we used the value 
of the coefficient of determination (R2) and Fisher’s test, 
which helps to avoid a biased assessment when choosing. 
It is known that with a probability of 0.05, suitable values 
of the correlation coefficient will be considered to be 
values greater than 0.99 if we are talking about methods 
of quantitative determination. A polynomial function of 
the 3rd order meets this requirement [20].

This variant with the highest coefficient of deter-
mination is the most reliable, despite the fact that it has 
the smallest value of the degree of freedom – 1.

Table 5
Statistical analysis of a polynomial of the 3rd degree

Polynomial equation: y=A*x3+B*x2+C*x+D; 
y=333.33*x3–418.57*x2+165.67*x–18.054 (R²=0.9988)

Number of mea-
surements (n)

Output 
data

Calculated 
data (Ycalc)

Squared difference 
((Y–Ycalc) ^2)

1 1.00 1.00384 0.0000147
2 3.00 2.97561 0.0005949
3 2.90 2.94720 0.0022277
4 2.60 2.57592 0.0005798
5 1.80 1.80475 0.0000226

Output Standard 
Deviation (SD) 0.84 – –

Degree of free-
dom (k) 4 – –

Degree of freedom (n–k) 1 –
Sum (Sum) 0.00344

Residual standard deviation (SDrest) 0.05864
Fisher’s test (F) 208.736

Test value R²=1–1/F= 0.99521
Probability % 0.477
Criterion % <5

Table 6
Statistical analysis of a polynomial of the 2nd degree

Polynomial equation: y=A*x2+B*x+C;  
y=–68.571x2+50*x–6.1543 (R²=0.9292)

Number of mea-
surements (n)

Output 
data

Calculated 
data (Ycalc)

Squared difference 
((Y–Ycalc) ^2)

1 1.00 1.10286 0.01058
2 3.00 2.67431 0.10607
3 2.90 2.94575 0.00209
4 2.60 2.87434 0.07526
5 1.80 1.70295 0.00942

Output Standard 
Deviation (SD) 0.84 – –

Degree of free-
dom (k) 3 – –

Degree of freedom (n–k) 2 –
Sum (Sum) 0.203428

Residual standard deviation (SDrest) 0.318927
Fisher’s test (F) 7.059

Test value R²=1–1/F= 0.8583
Probability % 12.8
Criterion % <5

Estimated values of the Fisher test were calculated 
as the ratio of the squares of the residual standard devia-
tions obtained for the sample of measured quercetin con-
centrations and the values calculated for the selected cor-
relation dependences of a given probability of 0.05 [20].

For a polynomial of the 3rd degree, the requirements 
of the Fisher criterion are fulfilled. Given this and the 
value of the coefficient of determination, the residual stan-
dard deviation, and the probability, it can be used to pre-
dict the required value – the dissolution limit. For this, the 
obtained experimental dependence was approximated by a 
polynomial dependence of the third degree (Fig. 5). For a 
polynomial of the 2nd degree (Fig. 4), the requirements of 
the Fisher criterion are also fulfilled, but the calculated 
value of R2 for it is less important than for a polynomial of 
the third degree. Also, for a polynomial of the 2nd degree, 
we have a higher probability value of 12.8 % compared to 
a polynomial dependence of the 3rd degree, which corre-
sponds to a value of 0.477 %. All this makes the polynomi-
al dependence of the second degree less suitable for ap-
proximating experimental results [21].

In graphs 4 and 5, the polynomial of the 2nd degree 
and the polynomial of the 3rd degree, respectively, we can 
observe the location of the concentration points obtained 
by theoretical calculation and experimentally. It is visible 
that the location of points, both theoretical and practical, is 
best determined by a polynomial function of the 3rd order. 

Knowing the type of correlation dependence, it is 
easy to calculate the value of the solubility limit by tak-
ing the first derivative, the value of which will corre-
spond to the value of the inflection point of the analyzed 
curve. Thus, using the polynomial dependence of the 
third degree and solving the system of equations using 
the MicroCal Origin mathematical package, we obtained 
the concentration value corresponding to the inflection 
point of the investigated dependence. The obtained value 
corresponds to the solubility limit of quercetin.

According to the resolution of the equations of poly-
nomial functions given above, the results were obtained af-
ter taking the first derivative. For the polynomial of the 2nd 
degree, the calculated concentration value was 2.96 mcg/ml, 
and for the polynomial of the 3rd degree – 3.02 mcg/ml. 
These values are consistent with data confirming the limit-
ed solubility of quercetin in aqueous media with a neu-
tral pH. Also, the result obtained confirms the fact that a 
polynomial function of both the 2nd and 3rd order can be used 
to find the solubility limit. Thus, in the work of I. Kovalev-
ska, quercetin belongs to practically insoluble substances 
(0.435 g/100 ml of purified water at pH 7.0) [22].

Validation of the developed methodology.
Validation was carried out for the HPLC mass spec-

trometric technique for the quantitative determination of 
quercetin in aqueous solutions. As part of this validation, it 
is shown that the error of determining the content of querce-
tin in the sample does not exceed the maximum error for the 
specified method in the entire concentration range of 95–
105 % of the nominal value. Below are the results.

The validation of the methodology for the quanti-
tative determination of the quercetin substance was car-
ried out according to separate validation characteristics: 
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specificity, linearity, accuracy, precision, and intra-labo-
ratory precision [14].

To estimate the error of sample preparation of mod-
el solutions and the standard solution, the theoretical val-
ues of the uncertainty of the analytical operation were 
calculated, which was Δsp=1.06 %≤5∙0.32=1.6 %. There-
fore, the calculated uncertainty of sample preparation and 
analysis as a whole should ensure sufficient measurement 
accuracy. Chromatography solutions were prepared ac-
cording to the above analytical method. The blank solution 
was prepared similarly to the investigated solution.

The linearity assessment was carried out in the 
range (of 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 con-
centration taken as 100 % was the concentration of quer-
cetin, which is in the middle of the range covering the 
min and max concentrations of quercetin.

The obtained results were statistically processed 
by the method of least squares in accordance with the 
requirements of the Federal State of Ukraine. The con-
struction of the calibration graph was carried out in nor-
malized coordinates. For each of the nine sample solu-
tions, the average values of the peak area (Si) were 
calculated. The obtained results were processed by the 
method of least squares for the line Y=b*x+a. The calcu-
lated statistical values b, Sb, a, Sa, Sr (final standard devi-
ation), and r (correlation coefficient) are shown in Table 7.

In our case, the requirements for parameters of 
linear regression are met over the entire range of applica-
tions of the technique (80–120 %).

To measure and calculate the metrological assess-
ment of the precision and accuracy of the method, three val-
ues of the peak area for the reference solution and 27 values 
of the peak area for the model solutions were obtained. We 
calculated the actual values, the ratio of the average values 
of the peak areas for each of the 27 solutions to the average 
value of the peak areas of the comparison solution, obtain-
ing the values Xi=(Сi/Сst)*100 %, Yi=(Si/Sst)*100 %, and  
also the value Zi=(Yi/Xi)*100 %, which is the concentration 
found as a percentage of the input. The results of the calcu-
lations are given in Tables 8–10.

Table 7
Characteristics of linear regression
Parameters Value

b 3.9034
sb 0.0059065
a 0.79
sa 0.41272
s0 0.71375

s0/b |0.183|
sY 157.23
r |0.99999|

Reference solution Average SSt CSt RSDSt, %
Reference 391.5 100 0.181

Table 8
Values of dispersion

Test solutions Name Average Si Ci RSDi, %
1 5 19.45 5 0.3636
2 10 39.75 10 0.17789
3 20 79.65 20 0.08878
4 30 117.65 30 0.0601
5 60 236.25 60 0.02993
6 70 273.55 70 0.02585
7 80 313.65 80 0.02254
8 90 351.45 90 0.02012
9 100 390.85 100 0.018092

10 120 469.15 120 0.015072
Note: Student (95, 1, 11)=1,7956

Requirements to the maximum permissible RSDP: 
1.67 %.

The calculated value until the convergence of the 
measurements is maintained.

Table 9
Results of analysis of model solutions and their statistical 

processing
Test solu-

tions Name Aver-
age Si

Ci Yi Xi RSDi, % Zi, %

1 5 19.45 5 4.97 5.00 0.36 99.36
2 10 39.75 10 10.15 10.00 0.18 101.53
3 20 79.65 20 20.34 20.00 0.09 101.72
4 30 117.65 30 30.05 30.00 0.06 100.17
5 60 236.25 60 60.34 60.00 0.03 100.57
6 70 273.55 70 69.87 70.00 0.03 99.82
7 80 313.65 80 80.11 80.00 0.02 100.14
8 90 351.45 90 89.77 90.00 0.02 99.74
9 100 390.85 100 99.83 100.00 0.02 99.83

10 120 469.15 120 119.83 120.00 0.02 99.86

Table 10
Accuracy and precision parameters

Vali-
dation 

parameter

Param-
eter Value Require-

ments 1
Require-
ments 2 Conclusions

Precision ∆Z 1.43 ≤3 – Maintained

Accuracy |Zcp–100| |0.28| ≤0.45 ≤0.96 Maintained on 
the first criterion 

Note: sZ (%)=0,78103; Student (95, 1, 9)=1,83310

5. Discussion
The main and outstanding advantage of the pro-

posed method of quantitative determination of the solu-
bility limit is that we were able to quantitatively deter-
mine the solubility limit of poorly soluble substances 
with an accuracy that does not exceed the error of the 
chromatographic method of determination, which 
was 1.6 %. Prior to this, no methods would allow for the 
standardization of the conditions for the quantitative de-
termination of the solubility limit for a given measure-
ment error. The pharmacopoeias of the leading countries 
do not contain such data. The lack of such data makes it 
impossible to study the bioavailability of poorly wa-
ter-soluble substances by in vitro methods.
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The main example for comparing the results was 
the method proposed by Igor Zenkevich and described in 
work devoted to the study of the solubility limit of quer-
cetin under conditions of pH variability [23, 24]. Howev-
er, the comparative analysis reveals significant differenc-
es. Firstly, in the work of Igor Zenkevich cited above, the 
study of the solubility limit of quercetin was carried out 
at pH values corresponding to acidic or alkaline environ-
ments, which requires further extrapolation of the data 
for pH 7.0. We can conduct all studies at pH values cor-
responding to acidic, slightly acidic, and neutral values of 
the dissolution medium. This is an advantage and differ-
ence since this approach is more similar to the real mod-
el for conducting drug bioavailability studies. Such 
studies assume that the pH value is always neutral [17].

The second significant difference is that in the 
work of Igor Zenkevich, the determined value of the 
quercetin solubility limit is outside the range of mea-
sured values. Which significantly reduces the accuracy 
of the obtained value since it was obtained by extrapola-
tion. In our study, the value of the solubility limit is 
within the experimentally studied interval, which makes 
the accuracy of our measurements much higher.

Study limitations. Measurements carried out ac-
cording to the scheme proposed by the authors of the arti-
cle will have limitations related only to the specificity of 
the technique used in the research data for the quantitative 
determination of quercetin. Since this was an HPLC tech-
nique with mass spectrometric detection, the main limita-
tions will be the sensitivity of the detector, the linear range 
of measured concentrations, and its ability to detect the 
substance under investigation in the sample. Also, to con-
duct this research, it is necessary to use a standard sample 
of the substance under investigation with a specified value 
of the quantitative content of the substance and an error 
that does not exceed the error of the analysis, which makes 
this method more expensive to implement [25, 26].

Prospects for further research. There is interest 
in studying the dissolution profiles for other substances 
of substances that are limitedly soluble, as well as highly 
soluble in water. Implementation of the developed meth-
od for a deeper study of the kinetics and in vivo experi-
ments in the study of the bioavailability of drugs.

For a more reliable assessment of the obtained 
values of the solubility limit, it is necessary to obtain 
these values by another analytical method, preferably by 
direct determination without using comparative methods 
with standard samples.

6. Conclusions
The requirements for correctness are met accord-

ing to the first criterion.

To assess interlaboratory precision, we used a rel-
ative confidence interval for 5 parallel determinations of 
the quantitative content of substances, which should be 
less than the maximum permissible uncertainty of the 
analysis results: Δz≤1.6 %. The tests were carried out 
using the same series of the drug by different analysts on 
the same chromatograph on different days using differ-
ent-sized dishes.

The interlaboratory precision is confirmed by the 
fact that the value of the relative confidence interval for 
five parallel determinations of one series of the drug 
satisfies the acceptance criterion (Δz=0.22 %≤1.6 %).

Since the method of high-performance liquid 
chromatography (HPLC) which was used in the method 
is specific, it is enough to fulfil all the requirements for 
the criteria of linearity, accuracy, precision, and interlab-
oratory precision. 

In the process of verification of the method of quan-
titative determination of the quercetin substance, the vali-
dation characteristics of the HPLC method according to 
the standard method were studied: accuracy, linearity, 
precision, specificity, and interlaboratory precision.

The validation characteristics of the method do not 
exceed the critical error value (1.6 %) and are character-
ized by qualitative analytical indicators. This technique 
can be correctly reproduced in laboratory conditions.

As a result of the study, a new approach has been 
developed to quantify the solubility limit of difficult or 
practically insoluble substances in aqueous media with a 
neutral pH value when studying their bioavailability.

Quantitative analysis of the resulting solutions 
was carried out by high-performance liquid chromatog-
raphy using a mass spectrometric detector. The exact 
value of the solubility limit for the studied sample of 
quercetin was established using a polynomial function of 
the 2nd and 3rd order, which amounted to 2.96 mcg/ml and 
3.02 mcg/ml, respectively.

The value of the quercetin solubility limit thus 
obtained made it possible to study the kinetics of the re-
lease of quercetin into aqueous solutions.
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