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Abstract

Oral diseases cause a wide range of difficulties for patients. The natural bioactive com-
pound dihydroquercetin (DHQ), which demonstrates regenerative, anti-inflammatory,
antioxidative, and antibacterial effects, is of interest for their treatment. The combination of
DHQ and L-lysine DHQ is “very easily soluble”. The aim of this study is to compare orally
disintegrating tablets based on raw DHQ and on the DHQ-L-lysine composition. Following
the guidelines outlined in the ICH Q8 (R2) standard, a fundamental quality target prod-
uct profile and critical quality attributes were established. The Sediment Delivery Model
(SeDeM) method was used to evaluate the substance suitability for direct compression.
Quantitative analysis of the DHQ release was carried out by high-performance liquid
chromatography, and infrared (IR) spectroscopy was performed using the attenuated total
reflection technique without any prior sample preparation. The DHQ-L-lysine composition
shows improved dimensions (4.12) and flowability (4.96). The release rate constants (Kejesse)
were 8.14 and 3.61%/min, while the half-release periods (t509,) were 6.14 and 13.85 min
for tablets with DHQ (TF1) and DHQ-L-lysine compositions (TF2), respectively. The dif-
ference factor (f1) and similarity factor (f,) were 23.43% and 43.37%, respectively. The
tablet manufacture had a critical impact on the characteristics of the IR spectra (the r values
—0.8785 and 0.5474 for TF1 and TF2). The conducted study demonstrates the promise of
using DHQ-L-lysine composition for developing effective dosage forms with improved
technological characteristics and controlled release of the active substance.
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There are several factors leading to inflammatory oral diseases: common risk factors
(tobacco use, poor diet, etc.), poor oral hygiene, infections [4], uncontrolled diabetes
mellitus [5,6], a dysregulated hyper-inflammatory response, plaque biofilm accumulation
at the gingiva—tooth interface, neglected dental caries, rare syndromes, and disorders of
collagen metabolism and neutrophil function [7].

Oral diseases, and inflammatory oral diseases in particular, cause a wide range of
difficulties for patients, such as a negative impact on psychological state, painful sensa-
tions [1], systemic inflammation [8], bleeding, tooth loss (up to complete edentulism), and
destruction of nearby tissues [3].

Inflammatory oral diseases are commonly treated with antibiotics and antiseptics
(chlorhexidine, doxycycline, metronidazole, etc.) [9,10]. Antibiotic administration disturbs
the oral microflora and can lead to physiological disorders and bacterial or fungal in-
fections [11,12]. Moreover, antibiotics are frequently associated with side effects such as
gastrointestinal symptoms, abdominal pain, and diarrhea [13].

Another way to treat inflammatory oral diseases is laser therapy, which provides an
anti-infective effect. However, some types of laser therapy, such as low-energy and Nd:YAG
lasers and photodynamic therapy, have shown no significant results and, consequently, can
be used only as adjunctive therapy. Other types (diode and CO; lasers), meanwhile, can
cause excessive heat and root damage [9].

Other methods, such as dietary changes or improved oral hygiene, are also used in
clinical practice but require a higher level of patient involvement and discipline [14].

Due to the complicated etiology and accompanying negative effects, it is reasonable
to combine etiological treatment of inflammatory oral diseases with symptom-managing
therapy [15]. Against the background of growing interest in phytotherapy, natural bioac-
tive compounds such as flavonoids, which have a high safety profile, are of interest in
wound healing [16,17]. Particularly promising is dihydroquercetin (DHQ), the major
flavonoid component of larch wood, which demonstrates skin-regenerative [18,19], anti-
inflammatory [20-22], antioxidative [23,24], and antibacterial [25,26] effects—all of which
are crucial in the treatment of inflammatory oral diseases.

According to opinion of some researchers [27], poor solubility in water at room
temperature [28] (“very slightly soluble” according to the European Pharmacopoeia) is one
of the reasons for the low bioavailability of DHQ, which makes it challenging to develop
medications based on this compound and integrate them into clinical practice. There are
several approaches that were previously applied to improve the solubility of flavonoids,
including solid dispersion preparation [29,30], amorphization [31,32], glycosylation [33,34],
and crystallization [35,36].

The proteinogenic amino acid L-lysine may also be beneficial for reducing inflamma-
tion [37]. In combination with L-lysine (DHQ-L-lysine), DHQ becomes “very easily soluble”
according to the European Pharmacopoeia due to the formation of hydrogen bonds [38,39].
Previous studies have shown that the topical application of a DHQ-L-lysine composition
solution was beneficial for wound healing in rats compared to the initial substances [39].

However, the influence of the DHQ-L-lysine composition on the pharmaceutical—
technological properties of orally disintegrating tablets has not yet been studied. Therefore,
the aim of this study is to conduct a comparative analysis of tablets based on raw DHQ
and on the DHQ-L-lysine composition.

2. Materials and Methods
2.1. Materials

DHQ was provided by JSC “Ametis” (Blagoveshchensk, Russia), L-lysine was acquired
from NeoFroxx GmbH (Darmstadt, Germany), high-functionality excipient PROSOLV®
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ODT G2 was purchased from JRS PHARMA GmbH & Co. KG (Rosenberg, Germany),
ascorbic acid was supplied by Tereos S.A. (Moussy-le-Vieux, France), and sucrose was from
the Northeast Pharmaceutical Group Co., Ltd. (Shenyang, China).

Distilled water was produced before use, acetonitrile—99.9% (HPLC Gradient Grade)
was acquired from Fisher Scientific (Loughborough, UK), and trifluoroacetic acid—98%
was provided by Pallav Chemicals & Solvents Pvt. Ltd. (Mumbai, India). For HPLC
analysis the water was deionized by Vodoley-M (Himelectronica SPE, Moscow, Russia).

2.2. Tableting Formulations Based on DHQ Modifications

Tablets were manufactured from tableting masses 1 and 2 (Table 1) by direct compres-
sion using a laboratory-scale hydraulic press 660 (Silfradent S.R.L., Santa Sofia, Italy) at a
pressure of approximately 20 kN (2 tons). The tableting masses were mixed at 40 rpm for
20 min in YB-5 Mixer (ERWEKA GmbH, Heusenstamm, Germany).

Table 1. The formulations of tableting masses.

Weight, mg
Ingredients Formulation 1 Formulation 2
DHQ 50 50
L-lysine - 54
PROSOLV® ODT G2 300 300
Ascorbic acid 150 150
Sucrose 1054 1000
Total 1554 1554

2.3. Quality by Design Application to the Formulation Development

Following the guidelines outlined in the ICH Q8 (R2) standard [40], a fundamental
quality target product profile (QTPP) and critical quality attributes (CQAs) have been
established. QTPP elements are presented in Table 2. CQAs included the characteristics of
the tablet mass and dosage form, namely crushing strength and disintegration time.

Table 2. QTTP for DHQ orally disintegrating tablets.

QTTP Elements Target
Dosage form Orally disintegrating tablets
Route of administration Oral
Dosage strength 50 mg
Shape Tablet diameter 17 mm
Disintegration time Not more than 3 min
Population Any age

2.4. Powder Characterization Using SeDeM Expert System

The Sediment Delivery Model (SeDeM) method was used to evaluate the suitability of
both DHQ and DHQ-L-lysine composition for direct compression. For powder evaluation,
12 different parameters were identified and classified according to five factors of occurrence
based on the physical characteristics of the powder and the functional properties of the
drug. The numerical value for each factor represents the average value obtained from
the corresponding parameter values, known as the mean dispersion radius. Once the
parameter values were obtained, they were transformed into radius values (r) for graphical
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representation. The parameters presented in Table 3 were defined according to the European
Pharmacopoeia and other sources [41].

Table 3. The SeDeM expert system parameters.

Parameter Symbol Unit Equation Ac;{c:r}:;zlgle t(?:r]li‘;i‘:i?:n
Bulk density Da g/mL Da=m/V0 0-1 10Da
Tapped density Dc g/mL Dc =m/V1250 0-1 10Dc
I“It)e(fif‘sﬁiyde Ie - Ie = (Dc — Da)/(Dc x Da) 0-1.2 10le/1.2
Carr index IC Y% IC = ((Dc — Da)/Dc) x 100 0-50 IC/5
Cohesion index Ied N Experimental 0-200 Ied/20
Hausner index IH - IH = Dc/Da 3-1 (30 — 10IH)/2
Angle of repose « ° Experimental 50-0 10 — (a/5)
Powder flow ! s Experimental 20-0 10 — (¢"/2)
Loss on drying %HR % Experimental 10-0 10 — %HR
Hygroscopicity Y%H % Experimental 20-0 10 — (%H/2)
Ea;(;l‘srej %Pf " Experimental 50-0 10 — (%Pf/5)
Homogeneity index 10 - 160 = Fm/(100 + AFmn) 0-0.02 500160

The Good compression index (IGC) to numerically assess the powder’s appropriate-
ness for direct compression was calculated according to the following formula:

IGC=1IPP x f (1)

where [PP is the parametric profile index, representing the mean value of all calculated
parameters, and f is the reliability factor, determined by the ratio of polygon area to circle
area (const 0.952 for 12 parameters).

The acceptability limit of IPP is set at r > 5.

2.5. Flowability of Tableting Masses

To determine the flow rate of tableting masses through an orifice, a Granulate Flow
Tester GTB ERWEKA GmbH (Heusenstamm, Germany) and a stainless acid-resistant steel
funnel of the “hopper” type (without an outlet stem) with an orifice diameter of 10 mm
were used. A paper substrate was used as the base. A 100 g sample, weighed with a
precision of +£0.5%, was placed into the dry funnel. The time required for the entire sample
to pass through the funnel orifice was recorded. The test was performed in triplicate for
each sample.

After each flow rate measurement, the angle of repose was determined using a gonio-
metric scale.

To determine the bulk volume of the tableting mass, a sample aliquot was weighed
and poured into a 25 mL graduated cylinder. The tapped density tester SVM 102 (ERWEKA
GmbH, Heusenstamm, Germany) was used to determine the volume of the tableting
mass after compaction. The previously weighted tableting mass was placed into a 25 mL
graduated cylinder, which was then fixated on the device and subjected to up to 1250 taps.
Afterwards, the volume was measured. The experiment duration for each sample was
5 min. The test was performed in triplicate for each sample.
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The bulk density (Da, g/mL) and the tapped density (Dc, g/mL) were calculated using
the formulas presented in Table 3, where m is weight of the test sample (g), V0 is the bulk
volume of the tableting mass (mL), and V1250 is the volume of the tableting mass after
compaction (mL).

Carr’s index (IC) and the Hausner index (IH) were calculated using the formulas in
Table 3.

2.6. Pharmaceutical-Technological Characteristics of Tablets

The quality control of orally disintegrating tablets was guided by the European Phar-
macopoeia [42].

2.6.1. Disintegration

To perform the disintegration experiment, a ZT 121 light tester (ERWEKA GmbH,
Langen, Germany) of the oscillating basket type was used. The volume of purified water in
the beaker was 900 mL, with the temperature maintained at 37 & 2 °C. Six tablets of each
formulation were subjected to the test. Each tablet was placed into a tube of the oscillating
basket and analyzed for 45 min.

2.6.2. Crushing Strength

The tablet hardness tester TBH 125 (ERWEKA GmbH, Langen, Germany) was used
to measure the exact diameter of the tablets and their crushing strength. The test was
conducted on ten tablets of each formulation. Since the tablets had a score line (indentation),
each one was oriented identically with respect to the direction of the applied force.

2.6.3. Friability

The friability test was performed on ten tablets of each formulation using a friability
and abrasion tester TAR 220 (ERWEKA GmbH, Langen, Germany). The tablets were first
weighed to an accuracy of 0.001 g and then dusted off. The drum rotation speed was set to
25 revolutions per minute (rpm). The experiment duration was 4 min. After the specified
time had elapsed, the tablets were removed from the drum and weighed. The test was
performed in triplicate for each sample.

2.7. Release Kinetics
2.7.1. Dissolution Test

The dissolution test was performed using a dissolution tester ERWEKA GmbH DT
126 light (Haan, Germany), equipped with a paddle apparatus, in purified water. The
medium volume was 900 mL, the temperature was maintained at 37 £ 0.5 °C, and the
paddle rotation speed was set to 50 rpm. The test was conducted on three tablets of each
formulation over a period of 45 min, and it was performed in triplicate for each sample.

2.7.2. Chromatography

Quantitative analysis of the DHQ release was carried out by HPLC. Aliquots of 1 mL
were withdrawn at 1, 5, 15, 30, and 45 min, followed by replacement with an equivalent
volume of purified water. The peak area corresponding to a retention time of 8.4 = 0.1 min
was determined. The HPLC system used was LicArt 62 by LabConcept LLC (St. Petersburg,
Russia), which included a QP-62d pump, a T-85C thermostat, a UV-62 spectrophotometric
detector, a S-103dc autosampler, and an Inspire C18 column (5 um, 150 x 4.6 mm; Dikma
Technologies Inc., Foothill Ranch, CA, USA).

The mobile phase consisted of two components: component A was acetonitrile, and
component B was a mixture of trifluoroacetic acid and water with pH 2.4. Elution was
carried out in isocratic mode with 30% component A and 70% component B. The column
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temperature was kept at 35 °C, and the flow rate was set to 0.35 mL/min. The UV
detector recorded data at the maximum absorption wavelength of flavonoid, which was
288 nm. Calibration curves were constructed using three batches, each containing three
concentrations of the analytes. The results are reported as mean =+ standard deviation. The
validation of the analytical method was performed in accordance with the recommendations
of the European Pharmacopoeia.

2.7.3. Release Rate and Half-Release Period

Additionally, to describe the release kinetics of active pharmaceutical ingredient (API)
from the tablets, the release rate constant (K;,jes) and the half-release period (t509,) were
used. These parameters were calculated using the following equations:

Ct—C
Kielease = tt 0 (2)

Co
o ®3)
2 X Krelease

where Cj is the initial content of DHQ in the tablet (mg/mL), and C; is the content of DHQ
in the tablet at time f (mg/mL).

t50% =

2.7.4. Difference and Similarity Factors

A comparative analysis of the drug release profiles from the tablets was performed
using the difference factor (f1, %) and the similarity factor (f,, %), which were calculated
according to the following formulas:

Zﬂ: R:—T:
f=— T 1L ’R' | x 100% 4)
j=1"1
14 —0.5
fo =50 x 1+nZ\Rj—Tj|2] x 100% (5)
j=1

where 7 is the number of sampling time points, and R; and T; are the fractions of DHQ
released from the reference and test formulation at time point j.

2.8. IR-Analysis

IR-spectroscopy was performed using the attenuated total reflection (ATR) technique
on an FSM 2202 Fourier transform infrared (FTIR) spectrometer (Infraspec Ltd., St. Peters-
burg, Russia) with an ATR crystal accessory (Infraspec Ltd., St. Petersburg, Russia), without
any prior sample preparation. Data acquisition was carried out at room temperature over

1 resolution. Instrument con-

a wavenumber range from 4000 to 400 cm~! with 2 cm™
trol, spectral visualization, and data processing were performed using the FSpec software
(v. 4.3.1.15, Infraspec Ltd., Russia). The following samples were analyzed using the tech-
nique without adding any extra substances: initial DHQ and L-lysine, their composition
(1:2, mol.), tableting masses 1 and 2, and surfaces and cross-sections of orally disintegrating
tablets based on DHQ and its composition with L-lysine.

The calculation of intermolecular bond energy (AE, k] /mol) was carried out according
to the Badger—Bauer rule:

AE=mxAv+c (6)

where Av is the difference in wavenumbers at the maxima of the absorption bands (cm 1),
and m and ¢ are empirical constants (kJ-cm/mol and kJ /mol, respectively). According to
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Bhatta et al. [43], these constants are equal to 0.077 k]J-cm/mol and 2.02 k] /mol, respectively,
in vacuum.

3. Results
3.1. Tablets from Formulations Based on DHQ Modifications

Tableting masses 1 and 2 (TM1 and TM2, respectively) were represented as powders.
Tablets of formulations 1 and 2 (TF1 and TF2, respectively) had the same color as tableting
masses and were visually distinguished by the slight yellowish hue of L-lysine.

3.2. SeDeM Expert System Analysis

The obtained results of SeDeM analysis are presented in Figure 1. Values falling below
0 were adjusted to 0, and values above 10 were capped at 10 in accordance with SeDeM
charting rules.

%Pf %Pf

%H

%H

%HR %HR

Figure 1. SeDeM graphical representation for: (a) DHQ; (b) DHQ-L-lysine composition. Da is bulk
density, Dc is tapped density, Ie is interparticle porosity, IC is Carr’s index, Icd is cohesion index, IH is
Hausner index, « is angle of repose, # is powder flow, %HR is loss of drying, %H is hygroscopicity,
%Pf is particles < 50 um, I8 is homogeneity index.

The diagrams are dissimilar, being alike only on Hausner index, particles < 50 um, and
homogeneity index parameters. The most pronounced change is a maximum “spike” (10.0)
in the cohesion index on the DHQ-L-lysine composition diagram, where DHQ alone is lower
than five. The bottom of the DHQ diagram is almost empty: the spikes of powder flow
and angle of repose barely leave the center point. In the DHQ-L-lysine composition, this
area expands significantly, as these indices move closer to the acceptable threshold of five.
DHQ shows excellent particle homogeneity and low hygroscopicity. On the DHQ-L-lysine
composition diagram the spikes of hygroscopicity and loss on drying shrink toward the
center, indicating the trade-off made for better compressibility.

Radius values and incidence of powders are presented in Table 4.

DHQ-L-lysine composition shows an improved dimensional incidence (4.12) compared
to DHQ alone (2.45), due to higher bulk and tapped densities. DHQ alone exhibits extremely
poor flow, with a powder flow radius of 0 and an angle of repose radius of 0.666. The
DHQ-L-lysine composition significantly improves these. Although overall compressibility
indices of DHQ (6.28) and DHQ-L-lysine composition (6.18) are similar, L-lysine maximizes
the cohesion index to a radius of 10.0, whereas DHQ alone is deficient at 3.1. DHQ is
more stable in terms of moisture, while the DHQ-L-lysine composition is significantly
more hygroscopic, with its radius value dropping from 9.728 to 4.669, respectively. In
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lubricity /dosage incidence, both DHQ (9.06) and DHQ-L-lysine compositions (8.65) show
excellent results.

Both powders exceed the minimum IGC threshold of five, which makes them suitable
for direct compression.

Table 4. SeDeM results for DHQ and DHQ-L-lysine composition.

DHO DHQ-L-Lysine

Incidence Factor Parameter Composition
r Incidence r Incidence
Da 2.041 3.662
Dimensions Dc 2.863 245 4577 +12
Ie 10.000 4.549
Compressibility IC 5.742 6.28 3.998 6.18
Icd 3.100 10.000
IH 7.986 8.751
Flowability % 0.666 2.88 4.666 4.96
t’ 0 1.467
%HR 5.979 2.622
Lubricity /Stability vl 9.728 7.85 1669 3.65
o Y%Pf 8.122 7.296
Lubricity/Dosage 19 10.000 906 10.000 865
IGC 5.254 5.256

3.3. Flowability Assessment

The results of flowability assessment for formulation 1 and 2 are presented in Figure 2.

160 40
140 35
120 a 30
0]
)] 7]
~ 100 25
g :
T 80 =20
g o
= 60 215
[
40 << 10
20 5
0 0
®Formulation 1 ®mFormulation 2 ®Formulation 1 ®mFormulation 2
(a) (b)

Figure 2. Flowability of tableting masses: (a) flow rate; (b) angle of repose. The error bars reflect
confidence interval (e 0.05) of triplicate measurement.
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The mean flow rate for TM1 and TM2 was 96.67 £ 7.68 and 127.67 £ 14.02 s, respec-
tively (Figure 2a). The flow rate of TM2 is 1.32-times higher compared to TM1, which is a
significant difference. The average angle of repose rate was 31.67 & 3.27° and 28.33 £ 3.27°
(Figure 2b), so the flowability character can be determined as “good” (31-35) and “excellent”
(25-30) in terms of European Pharmacopoeia for TM1 and TM2, respectively.

The difference between the formulations in these rates is 12.08% and 1.74% between
TM2 and TML1 for IC and IH, respectively (Table 5).

Table 5. IC and IH of tableting masses.

IC, % IH
™1 11.72 1.13
™2 13.33 1.15

According to the European Pharmacopoeia, the flowability of both tableting masses
can be characterized as “good” (11-15% and 1.12-1.18).

3.4. Pharmaceutical-Technological Characteristics Assessment

The pharmaceutical-technological characteristics of tablets, manufactured based on
the TM1 and TM2, are summarised in Table 6. TF1 disintegrated almost two times faster
than TF2. For the tablets” diameter of 17.7 cm, the crushing strength of more than 50 N is
decent. The friability lower than 3% is also a good result.

Table 6. Pharmaceutical-technological characteristics of tablets.

Disintegration, min = Crushing Strength, N Friability, %
TF1 0.90 126 1.0
TF2 1.73 119 0.2

3.5. Release Kinetics Assessment

Figure 3 represents data obtained using the validated method for DHQ in compositions
containing L-lysine. The retention time of DHQ was 8.3 £ 0.1 min, while the dead time
was 3.9 &+ 0.1 min. During the method validation, a correlation coefficient of  0.99997 was
obtained in the analytical range from 0.0001 mg/mL to 0.1250 mg/mL, covered by the
linear dependence equation y = 155, 376x — 27.632.

600 500
500 DHQ 400 DHQ
400 300
300
2 %200
200
100 100
0 0 e
-100 -100
0 2 8 10 12 14 0 2 4 6 8 10 12 14
min min
(a) (b)

Figure 3. HPLC data of dissolution test at 30 min for: (a) TF1; (b) TF2.

The repeatability, determined for each point of the calibration curve based on parallel
injections of a single solution and expressed as the relative standard deviation, was less
than 2% in concentrations of DHQ from 0.0001 to 0.1250 mg/mL.
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For the linear dependence equation between the experimentally found and true values,
the hypothesis of the slope tangent being equal to one and the intercept being equal to
zero is confirmed at a confidence level of 0.05 (Table 7). That confirms the accuracy of
the method.

Table 7. Confirmation of the accuracy of the quantitative analysis method for DHQ.

Y-Intercept Variable X1
Lower 95% —0.00315 0.95305
Upper 95% 0.00302 1.03852

Based on HPLC data, a plot of the bioflavonoid concentration versus time was con-
structed (Figure 4).

80
70 ®
60

50

40

30

20

Release of DHQ, %

10

0 10 20 30 40
Time, min

Figure 4. Release kinetics of DHQ in TF1 (orange) and TF2 (blue). The bars reflect confidence intervals
(0 0.05) of triplicate measurement.

The curve reaches a plateau by 5 and 15 min for TF1 and TF2, respectively. The release
rate constants (Kjejese) during these periods were 8.14 and 3.61 min~!, respectively, while
the half-release periods (t5p9,) were 6.14 and 13.85 min, respectively (Table 8). The difference
factor (f1) and the similarity factor (f,) were calculated as 23.43% and 43.37%, respectively.

Table 8. Release kinetics characteristics.

TF Kieleaser 7o/min t509%, min flr % f21 %
8.14 6.14

23.44 43.38
2 3.61 13.85

3.6. IR-Analysis Profiles

In the IR spectra of the initial components of the tableting masses, absorption bands
corresponding to their functional groups and structural elements are observed. Thus,
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the spectral profile of DHQ (Figure 5a) is characterized by signals at 3394 cm ™! (vo_p),

1634 cm ™! (vc=0), a series at 1614, 1587, 1516, 1448 cmn—

! (Vcap=cap), 1479 and 1362 cm ™!

(5c_1), 1308 em ™! (50_51), 1258 and 1163 cm ™! (ve_o-c).

—V/(Car=Car)
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Figure 5. IR spectra of: (a) DHQ); (b) L-lysine; (c) excipients; (d) DHQ-L-lysine composition.

At the same time, the IR spectrum of L-lysine (Figure 5b) shows absorption bands
at 3360 cm™! (vap), 2920 and 2837 em™! (ve_y), 1558 and 1394 cm™! (veop), and
1520 cm ™! (8n_p). Sucrose is the major component in a spectrum of the excipients with-
out APIL Cellulose, mannitol, fructose, crospovidone, and ascorbic acid are also present.

This explains the presence of the following signals in Figure 5c¢: 3379 u 3286 cm ™!

(vo_n), 2972 em ™! (v_c_y), 2941 em~! (vc_p), and a series at 1173, 1126, 1113, 1103, and

1065 cm™! (Vc_o-c)-

The IR spectrum of the DHQ-L-lysine composition (Figure 5d) is not a result of
averaging the profiles of the initial compounds considering their molar ratio (+ 0.8750).
Instead, it more closely resembles the spectrum of DHQ (r 0.9574) than the spectrum
of L-lysine (r 0.8267), although the amount of the amino acid is twice as high as the
concentration of the flavonoid. The shift in the absorption band corresponding to vo_p to
is also notable, effectively merging with the vn_g signal. This, however, was
accompanied by an increase in light transmittance. In the synthetic averaged spectrum,
maximum intensity was observed at 3360 cm~!. Additionally, the vc-o absorption bands

3364 cm™!

of L-lysine shifted to a shorter-wavelength region, reaching 1562 and 1398 cm ™!

Blending of the excipients and API did not cause significant changes in the spectral
profiles (Figure 6), given that the proportion of excipients in the mixture was 96.8% and
93.4% by mass for TF1 and TF2, respectively. The correlation coefficient between the

spectral profiles of the formulations was 0.9639.
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The tablet manufacture had a more critical impact on the characteristics of the IR
spectra (Figure 7). Compared to the initial tablet masses, the r values were —0.8785 and
0.5474 for TF1 and TF2, respectively. A common feature of the IR spectra of the tablets
in the cross-section was the shift in the broad absorption band in the hydrogen-bonding
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Figure 7. IR spectra of tablet surfaces and cross-sections: (a) TF1 surface; (b) TF2 surface; (c) TF1

cross-section; (d) TF2 cross-section.
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At the same time, the spectra recorded from the tablet surface and cross-section were
more consistent with each other: for TF1 and TF2, the correlation coefficient was 0.9766 and
0.9899, respectively. Moreover, the spectral profiles of TF1 were closer to those of tablets
without API than those in TF2.

In addition, the IR spectrum of TF1 was characterized by a shift in the absorption band
corresponding to vo_p toward a shorter wavelength, relative to the TF2. The wavenumber
shift (Av) was 21 cm~! on the surface and 4 cm ™! in the cross-section.

4. Discussion

This research was performed to design orally disintegrating tablets based on the DHQ
composition with L-lysine and assess the impact of amino acids on the characteristics of the
final dosage form.

Previously, two pharmaceuticals based on DHQ were registered in Russia: Di-
quertin [44] and Ascovertin [45]. Both were in the form of tablets where potato starch
and powdered sugar were used as excipients. Stearic acid was employed as an anti-friction
component. Later, orally disintegrating tablets based on amorphous DHQ were devel-
oped [46]. In addition to sucrose, menthol was added to mask the bitter taste of the
flavonoid. Also, crospovidon was added to optimize the disintegration time. In contrast,
one article reports on tablets with DHQ which contained siliconized MCC used as an
excipient, and sodium starch glycolate and Aerosil 200 as disintegrants [47].

Based on a summary of data on the excipients of orally disintegrating tablets [48], it
was suggested to return to the initial formulation: sucrose makes up more than two-thirds
of the tablet mass, additionally masking the bitter taste of DHQ and L-lysine. PROSOLV®
ODT G2 was employed as a disintegrant. Ascorbic acid was added to protect the flavonoid
from oxidation, as the latter is characterized by a higher redox potential: for ascorbic acid
and DHQ this parameter is —0.17 V and 0.50 V, respectively [49].

As for the SeDeM analysis, addition of L-lysine to DHQ significantly improved the
dimensional and flowability profiles. It maximized the cohesion index, which can be
connected with the formation of stronger intermolecular bonds. Both powders show
excellent results in the lubricity/dosage incidence. The lubricity/stability incidence is
the only factor where the DHQ-L-lysine composition performs worse than DHQ. The
lower value (3.65) for the composition is primarily due to its increased hygroscopicity, as
L-lysine tends to attract moisture. This indicates that while the composition is superior for
manufacturing, the final product may require moisture-protective packaging to maintain
long-term stability.

The optimization of formulations was performed based on the properties of the re-
sulting tablets, particularly compressibility [50,51]. Flowability of tableting masses is a key
parameter in tablet manufacture [51,52]. The obtained results demonstrate that the DHQ
modification with L-lysine significantly improves this parameter. A 32% increase in flow
rate and a reduction in the angle of repose to the “excellent” flow category confirm the
advantages of TF2. Compared to previous orally disintegrating tablets, the new formu-
lations are characterized by higher strengths and friability [46]. Pharmaco-technological
parameters of the finished tablets showed that TF2 exhibits more stable characteristics.
Despite the longer disintegration time of TF2 (almost twice as long as TF1), the tablet
strength remains within the normal range (119 N), and friability is at a low level (0.2%, five
times lower than in TF1). These observations may be explained by a crystalline nature of
amino acid particles [53], that are quite flexible and act as a mold. However, the impact of
compression force was outside the scope of the current study, so it should be investigated in
future work, as the tableting parameters may have a significant impact on characteristics of
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the finished dosage form (including tablet strength), as is it was shown by Casian et al. [54],
Donea et al. [55], Tishkov et al. [56], etc.

To assess the release profile of DHQ), a quantitative analytical method was devel-
oped using HPLC-UV and validated in accordance with the European Pharmacopoeia by
the following parameters: “Specificity”, “Accuracy”, “Repeatability”, “Analytical range”,
and “Linearity”. A mixture of acetonitrile and water is widely used in chromatogra-
phy of flavonoids, with acids as phase modifiers to reduce the ionization of phenolic
groups [57-59]. The isocratic mode was explored to increase the sensitivity and accuracy of
the measurement [60] that may be critical in case of a release profile assessment. In this
research, no effect of amino acid on flavonoid quantitative analysis was detected.

Both release profiles are described by the zero-order kinetic curve, which is common
for tablets [61-63]. The release profile of DHQ shows significant differences between
the tablets. A slower but more gradual release of DHQ from TF2 (half-release period of
13.85 min, nearly twice as long as in TF1), which correlates with disintegration time, may
provide a prolonged drug action. The difference factor value (23.43%) and similarity factor
value (43.37%) indicate substantial differences in release kinetics, being higher than 15%
and lower than 50%, respectively. The prolonged release profile of TF2 can be explained
by a higher strength of the tablets, explained by the presence of L-lysine. A longer half-
release period may be more appropriate for topical pharmaceuticals applied in the oral
cavity [64,65]. It is important to note that the values of stability and bioavailability are more
essential for the design of orally disintegrating tablets [66—68], so TF2 seems to be more
promising for the further translation in the industry.

The obtained IR spectra of the initial compounds are well explained by the structure
of DHQ and L-lysine, and are consistent with literature data [24] (DHQ, Figure 5), [69] (Lys,
Figure 3).

Based on the shift in absorption bands corresponding to vo_yg in DHQ and vc-o in
L-lysine observed in the IR spectrum of the composition, it can be assumed that during
the composition’s preparation, a mechanochemical activation process occurs, leading to
the formation of weak intermolecular hydrogen bonds (4.3 k] /mol) between the phenolic
hydroxyl groups of the flavonoid and the ionized carboxyl group of the amino acid. Pre-
viously, Skakunova and Rychkov reported on the change in absorption bands in Raman
spectra of L-leucine hydrogen maleate after treatment of the crystals by different pressures.
It was explained by changes in the intermolecular interactions, which correlates with the
amorphization of crystal material [70]. However, shifts in spectral signals were also ob-
served without a change in the phase state, which was explained by the impact of the phase
on the bond vibrations.

Based on the Badger—Bauer rule, it was suggested that in the current research the
tablet compression led to the formation of stronger intermolecular bonds—24.7 kJ /mol.
The bonds in tablets with the composition were up to 3.6 kJ/mol stronger than those
in TF1. The observed spectral changes may also be explained by the influence of L-
lysine on the properties of the solid phase. Notably, the spectral analysis results cor-
relate with the pharmaceutical-technological characteristics of the tablets: TF1 disinte-
grated faster, whereas TF2 exhibited greater mechanical strength. Nevertheless, this phe-
nomenon requires further investigation under different tableting conditions. Probably,
IR and Raman spectroscopy may be valuable analytical techniques in the early stages of
pharmaceutical development.

5. Conclusions

The obtained results have important practical implications for the development of new
dosage forms with DHQ. SeDeM expert system results showed that from a manufacturing
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perspective, the DHQ-L-lysine composition is more advanced. The modification with
L-lysine not only improves technological characteristics but also has the potential to provide
a more stable therapeutic local concentration of the active substance. Thus, the conducted
study demonstrates the promise of using the DHQ-L-lysine composition for developing
effective dosage forms with improved technological characteristics and controlled release
of the active substance for local application.
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API Active pharmaceutical ingredient
DHQ Dihydroquercetin

CQAs Critical quality attributes

1GC Good compression index

PP Parametric profile index

SeDeM Sediment Delivery Model

TF1 and TF2 Tablets of formulation 1 and 2
TM1 and TM2 Tableting masses 1 and 2

QTPP Quality Target Product Profile
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