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ABSTRACT: Although the preparation of amorphous solid dispersions can improve the solubility of crystalline drugs, there is still a
lack of guidance on the micromechanism in the screening and evaluation of polymer excipients. In this study, a particular method of
experimental characterization combined with molecular simulation was attempted on solubilization of myricetin (MYR) by solid
dispersion. According to the analysis of the dispersibility and hydrogen-bond interaction, the effectiveness of the solid dispersion and
the predicted sequence of poly(vinyl pyrrolidone) (PVP) > hypromellose (HPMC) > poly(ethylene glycol) (PEG) as the polymer
excipient were verified. Through the dissolution, cell viability, and reactive oxygen species (ROS)-level detection, the reliability of
simulation and micromechanism analysis was further confirmed. This work not only provided the theoretical guidance and screening
basis for the miscibility of solid dispersions from the microscopic level but also served as a reference for the modification of new
drugs.

1. INTRODUCTION

Highly crystalline drugs usually have low water solubility and
lead to low bioavailability, which limits their application and
promotion.1,2 Among the drugs that have been developed, low-
water-solubility drugs account for about 70%.3,4 For targeting
this drawback, it is significant to apply related technologies to
improve the solubility of drugs in water. The common
methods include solid dispersion loading,5 prodrug synthesis,6

cyclodextrin complexation,7 phospholipid complexation,8

polymerization micellar loading,9 nanoparticle delivery,10

cocrystallization,11 etc. At present, the solid dispersion
technology has been widely used as a method of drug
solubilization.12 The specific mechanism of solid dispersion13

is shown in Figure 1. This technology uses experiments to mix
poorly soluble drugs with amphiphilic polymer excipients to
reduce the crystallinity of the drugs.14 The solubility,
dissolution rate in vitro, bioavailability, and other properties
of some insoluble drugs can be greatly enhanced by this
technology.15,16

Like many crystalline drugs, myricetin (MYR) has certain
antiviral,17 antitumor,18 and antibacterial activities,19 but it
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Figure 1. Schematic diagram of coating and dissolution of solid
dispersion (the green dots and red lines represent molecules of drug
and molecular chains of polymer excipients, respectively).
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contains multiple active phenolic hydroxyl groups in the
molecule, which can form a large number of intermolecular
hydrogen bands and eventually induce crystallization. This
causes its solubility in water to be so low that it is difficult to be
absorbed by the human body and participate in the scavenging
of reactive oxygen species. For this reason, it needs to be
modified by a certain solubilization technology. Hopefully,
relevant studies have proved the feasibility of preparing solid
dispersions as the solubilization of such kinds of drugs.20

The addition of polymer excipients in the solid dispersion is
the key to improving the water solubility of highly crystalline
drugs. Common polymer excipients include poly(ethylene
glycol), hydroxypropyl methylcellulose, poly(vinyl pyrroli-
done), poloxamer 188, and so on.12,21 These polymer materials
contain polar groups such as terminal hydroxyl groups,
carbonyl groups, or ether bonds in their molecules. While
they have good hydrophilicity, they can also form hydrogen
bonds with crystalline drug molecules to destroy the
crystallization of drugs and achieve good solubilization.
Researchers mainly make use of solvent evaporation,22 melt

extrusion,23 spray-drying,24 microwave radiation,25 and cross-
linking26 for the preparation of solid dispersions. For the
characterization of solid dispersion effects, different methods
have been applied, which include differential scanning
calorimetry (DSC), scanning electron microscopy (SEM),
Fourier infrared spectroscopy (FTIR), and X-ray diffraction
(XRD) according to the thermal property, microscopic
morphology, and crystallization analysis.15,27 In addition, the
performance description focuses on the application level of
drugs loaded into solid dispersions as well, such as the
dissolution in vitro, antioxidation, cell activity, scavenging
ROS, etc.28,29

Nowadays, the application of molecular simulation technol-
ogy through modeling and running dynamic processes to
obtain corresponding parameters has been emphasized.30−32

On the scale of miscibility evaluation, some parameters
obtained through simulation, such as solubility parameters
(δ), Flory−Huggins parameters (χ), and mixing energy
(ΔEmix), can be used for evaluation criterion.33 These
parameters can be used to analyze and compare the
dispersibility and the strength of mutual binding in the
mixed system, reflecting the destructive crystallization and
compatibilization effects of polymers on poorly soluble drugs.
For instance, Barmpalexis34 et al. obtained the solubility
parameters of Soluplus and each plasticizer and the mixing
energy of each miscible system from molecular dynamics
(MD) and molecular docking simulations to discuss the
compatibility. In addition, with the help of the radial
distribution function (g(r)) extracted from the process of
MD, the type of hydrogen bond generated in the system and
its probability of occurrence can be judged, which would be
practical for analyzing the interactions. Kapourani35 et al. drew
the g(r) images of all hydrogen bonds in the Rivaroxaban and
Rivaroxaban−Soluplus systems and then calculated the
probability distribution of the number of hydrogen bonds
between molecules in each group, which clearly and intuitively
demonstrated the mutual combination of the two samples.
Therefore, the methods of molecular simulation could be
theoretical support to experimental characterization of the
compound materials.
Although many methods of characterization and molecular

simulation parameters have enriched the study of the
micromechanism and macroperformance of solid dispersion

systems,15,36 the vacancy of horizontal screening of different
excipients in solid dispersion systems still needs to be made up
for. For example, the radial distribution function g(r) can be
used as an important indicator for discussing hydrogen bonds
between molecules in solid dispersions, but when it is used to
compare the interaction between multiple excipients and
drugs, it is necessary to consider the strength of the hydrogen
bond and the amount of content for adjuvant. It means that
the method of screening the optimal excipients through the
theoretical parameter discussion of the difference of various
excipient−drug microdispersion and interaction combined
with experimental results has not been reported yet.
Therefore, this study aimed at developing a set of related

molecular simulation techniques to evaluate the dispersibility
and interaction mechanism of different excipients and
myricetin and to complete the screening of excipients in
combination with characterization methods. In this research,
poly(vinyl pyrrolidone) (PVP), hypromellose (HPMC), and
poly(ethylene glycol) (PEG) were selected as excipients
because they have been already commercialized and there
were related reports that provide evidence that these excipients
can solubilize hydrophobic drugs.37 Their molecular chains all
contain polar end groups or side groups, which can form
intermolecular hydrogen bonds with the phenolic hydroxyl
groups of myricetin molecules, thereby destroying myricetin
crystals. The structures of myricetin and the excipients
mentioned above are shown in Figure 2. Through the

comparison and discussion of these parameters and related
performance characterization results, the modification effects
of various excipients can be evaluated and screened.

2. MOLECULAR SIMULATION
2.1. Molecular Dynamic Simulation. As mentioned

above, the addition of polymer excipients can inhibit molecular
migration and destroy the crystallization of antioxidants.
Therefore, through molecular dynamics (MD) simulation
technology,38−40 the kinetic model of the single system and the
binary system of polymer/myricetin can be established, which
can explain the mixing and binding mechanism on a
microscopic scale, and compare and screen polymer excipients.
In this study, the work of molecular simulation was carried

out in Materials Studio (Accelrys) software. The model

Figure 2. Molecular structures of selected polymer excipients (a)
MYR, (b) PVP, (c) HPMC, and (d) PEG.
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building procedure is shown in Figure 3. In the constructed
mixed model, in the system containing PVP, HPMC, and PEG,
four long excipient chains were placed in each box and eight,
seven, and six myricetin molecules were added, respectively.
The myricetin contents of each system were 10.27, 9.71, and
9.16%, respectively. Moreover, the constructed molecular
chains of PVP, HPMC, and PEG contained 50, 25, and 100
repeating units to keep the total number of atoms in each
system close.
With the constructed periodic cells, the corresponding

dynamic process was run. First, the cells with minimized
energy are annealed under the COMPASS (condensed-phase
optimized molecular potentials for atomistic simulation
studies) force field,41 and 200 anneal cycles of NVE (constant
atoms’ number, constant volume, constant energy) are
performed between 300 and 500 K. Thereafter, on the basis
of the last frame constellation of the previous step, the process
of NVT (constant atoms’ number, constant volume, constant
temperature) of at least 500 ps and the NPT process of at least
1000 ps are run one by one. To verify the reliability of the
model during molecular dynamics simulation, the density and
energy of the system were monitored. When the system
reached equilibrium, the density of the system converges (with
fluctuations within 5%) and it was compared with the actual
density. Besides, its energy convergences including potential
energy, kinetic energy, nonbond energy, and total energy were
also detected, and their fluctuation range did not exceed 5% as
well.42

2.2. Quantum Mechanics Simulation. Quantum me-
chanics simulation is realized through the DMol3 module. The
small molecular units of the electron donor and the electron
acceptor and their hydrogen-bond association dimers were
constructed. Their energy minimization was carried out using
molecular dynamics methods. Then, through the DMol3

module, the geometry optimization tasks were performed.
According to the density functional theory (DFT)43 and the
generalized gradient approximation (GGA)44 of the Perdew−
Burke−Ernzerhof (PBE) functional form, the exchange

correlation potential in the Kohn−Sham (KS) equation is
approximated, and the additional polarization function
(TNP)44 basis set describes the wave function of the system.
According to the thermodynamic cycle diagram of hydro-

gen-bond dissociation in Figure 4, the Gibbs free energy of

hydrogen-bond dissociation is calculated as shown in formula
145

Δ = + + +

− ··· + ···

G G G G G

G G

( (X) (X)) ( (HY) (HY))

( (X HY) (X HY))

TK
cor
TK 0K

cor
TK 0K

cor
TK 0K

(1)

here, X refers to the electron donor; HY refers to the electron
acceptor; G0K represents the standard Gibbs free energy of X,
HY, X···HY at 0 K; GTK refers to the standard Gibbs free
energy of X, HY, X···HY at T K; and Gcor refers to the
corrected value of Gibbs free energy calculated from 0K to TK
for X, HY, and X···HY.

3. RESULTS AND DISCUSSION
3.1. Dispersive Research. 3.1.1. Simultaneous Thermal

Analysis. Through the DSC−TG combined technology, the
thermal behaviors of myricetin (MYR), physical mixing (PM),
solid dispersion (SD), and other samples were observed and
analyzed. It can be seen from Figure 5a that pure MYR shows a

Figure 3. Schematic diagram of periodic cell modeling for molecular dynamics simulation (the red, gray, and white balls represent oxygen, carbon,
and hydrogen atoms, respectively, while magenta balls and lines represent the molecular chains of three polymers).

Figure 4. Thermodynamic cycle diagram of hydrogen-bond
dissociation.
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dehydration behavior before about 100 °C. The DSC curve has
an exothermic behavior at 313.8 °C,20 while the TG curve at
the same temperature exhibits no obvious change, indicating
that MYR melts at this temperature. The TG curve displays
that the sample undergoes thermal decomposition between
350 and 370 °C. An obvious melting endothermic peak can be
observed before thermal decomposition, indicating the
crystallization of the pure MYR sample.
Although the intensity of the melting characteristic peak at

about 310 °C is reduced in the PM samples, it still exists, as

summarized in Figure 5e. Regarding the thermal behavior of
the myricetin−polymer solid dispersion, it can be seen from
Figure 5b−d that the melting endothermic peak of myricetin at
about 313.8 °C disappears in all of the SD samples. This result
reflects the good compatibility between myricetin with
polymer excipients, and the amorphous degree is improved.

3.1.2. Crystallinity Analysis. The XRD curves are shown in
Figure 6a−c. First, the pure MYR sample represents dense and
sharp crystal diffraction peaks, which indicates the high
crystallinity. Meanwhile, the corresponding crystal diffraction

Figure 5. DSC−TG curve of each sample: (a) pure MYR, (b) MYR/PVP-SD, (c) MYR/HPMC-SD, and (d) MYR/PEG-SD, and (e) the summary
of the DSC curve.

Figure 6. XRD spectra of three polymer−myricetin systems: (a) MYR/PVP, (b) MYR/HPMC, and (c) MYR/PEG, and (d) comparison of the
crystallinity.
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peaks can also be observed in the three physical mixture (PM)
systems. However, the intensity of these crystal diffraction
peaks is lower than that of the pure MYR sample. The three
samples of solid dispersion (SD) of MYR express obvious
amorphous characteristics. Therefore, the solid dispersion
obtained experimentally means that adding polymers ideally
disperses the agglomerated myricetin crystals.
The essence of the solubilization of myricetin by polymer

excipients is actually to inhibit the crystallization of myricetin
through the intermolecular interaction between the polymer
and myricetin so as to test the dispersibility of myricetin.
Therefore, the calculation of crystallinity can directly quantify
the inhibitory effect of excipients on myricetin crystallization.
The results of XRD spectra were used for peak fitting, and the
crystallinity could be further calculated. Here, the diffraction
peak with a half-maximum width (FWHM) greater than 3° is
defined as an amorphous peak,46 and the proportion of the
crystal diffraction peak area is figured out, with the crystallinity
results shown in Figure 6d. It can also be seen that the solid
dispersion (SD) effectively reduces the crystallinity compared
to the physical mixture (PM) of the corresponding systems. In
particular, the crystallinity of PVP/MYR-SD decreased the
most significantly, which reduced the 95.44% crystallinity of
pure MYR to 2.79%, followed by HPMC/MYR-SD, and finally
PEG/MYR-SD.
3.1.3. Surface Topography. SEM can be used to observe

the surface topography of the samples. As shown in Figure 7,
the pure solid powder of myricetin presents a rod-shaped sharp
crystal structure (Figure 7a), while the myricetin−polymer
physical mixture powder does not have sharp crystal regions

like myricetin, but there is still a small amount of aggregation
(Figure 7b−d). The agglomeration phenomenon in the three
solid dispersion samples is significantly less present (Figure
7e−g). Compared with the physical mixture samples, the
surface is smoother in the solid dispersion systems, which more
specifically reflects the decrease in crystallinity of myricetin and
the increase in dispersibility.

3.1.4. Molecular Simulation Results. For discussing the
compatibility of MYR and excipients, the rule of solubility
parameter value for judging miscibility does not apply to all
binary mixing systems, especially systems with a negative heat
of mixing. Instead, the Flory−Huggins parameters (χ) and the
mixing energy (ΔEmix) can be used to evaluate the
compatibility of antioxidant molecules with the polymer
matrix47 for which the Flory−Huggins parameter is positively
correlated with the ratio of mixing energy and temperature,
which directly explains the difficulty of mixing the two
substances. During the modeling and calculation, the polymer
is set as the base and the antioxidant is set as the screen. The
methods of obtaining of two parameters are shown in formulas
2 and 3. Here, E is the energy of interaction, with “b” and “s”
representing molecules of the base and screen, respectively,
and Z is the number of coordination. The lower the values of
the two parameters, the better the mixing effect in the mixing
system.36

χ =
ΔE

RT
mix

(2)

Figure 7. SEM images of myricetin, physical mixture, and solid dispersion: (a) pure MYR, (b) MYR/PVP-PM, (c) MYR/HPMC-PM, (d) MYR/
PEG-PM, (e) MYR/PVP-SD, (f) MYR/HPMC-SD, and (g) MYR/PEG-SD.
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Figure 8. (a) Flory−Huggins parameter χ of three solid dispersion systems, (b) mixing energy (ΔEmix) of three solid dispersions, (c) mean square
displacement (MSD) of MYR in three systems, and (d) binding energy (Ebinding) of MYR with polymer excipients.

Figure 9. Fourier infrared spectra of (a) PVP/MYR, (b) HPMC/MYR, and (c) PEG/MYR of myricetin, PM, and SD polymer excipients.
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= [ + − − ]E Z E Z E Z E Z E
1
2

( ) ( ) ( ) ( )T T T Tmix bs bs sb sb bb bb ss ss

(3)

The calculated χ and ΔEmix are provided in Figure 8a and b,
respectively. It can be seen that χ and ΔEmix achieve the
highest value in the MYR/PVP system (red line), which shows
that MYR has the best compatibility with PVP, so that the two
can even be mixed spontaneously. The compatibility with
HPMC is second, and the compatibility with PEG is
unsatisfactory.
The mean square displacement (MSD) may be used to

reflect the movement and migration ability of small
molecules.45 The calculation of MSD is shown in formula 442

∑= [ − ]
=N

r t rMSD
1

( ) (0)
i

N

i i
1

2

(4)

Among them, ri(0) and ri(t) refer to the position coordinates
of molecule i at times 0 and t, respectively. The greater the
MSD value changes over time, the more significant the
migration of molecules.48 Thus, the results from Figure 8c
show the lowest migration of MYR in the PVP system, which
agrees with the χ and ΔEmix analyses.
Meanwhile, the binding energy (Ebinding)

49 can reflect the
dispersibility of the antioxidant in the polymer matrix and
indirectly reflect the ability of the polymer excipients to
destroy the crystal region of the antioxidant. The value of
binding energy can be obtained by formula 5

= − − −E E E E( )binding total MYR polymer (5)

In addition, Ebinding represents the strength of the
combination of the two and indirectly reflects the dispersibility
of small molecules in the polymer excipients. In formula 5,
Etotal represents the energy of the miscible system, while EMYR
and Epolymer represent energies of MYR and the polymer
excipient, respectively. From Figure 8d, the binding energy of
MYR in PVP is greater than the two other systems, which also
provides a theoretical basis for the above decreased crystallinity
results.

3.2. Internal Interaction Force of Solid Dispersion.
3.2.1. FTIR Result Analysis. As shown in Figure 9a−c of the
FTIR results, the spectra of the SD samples of the three
systems are the superposition of the spectra of pure MYR and
the respective polymer excipients, and no new characteristic
absorption peaks are generated. This indicates that there is no
chemical reaction during PM and SD manufacturing processes.
The MYR spectrum shows the phenolic hydroxyl stretching
vibrations at the wavenumbers of 3417 and 3285 cm−1. The
peaks broaden and disappear in the respective SD spectra (red
curves), while the phenomenon is not obvious in the PM
spectra (green curves), which shows that there are hydrogen
bonds between the −O−H group of MYR and the −O−H or
−CO of three polymer excipients in SD systems.20

3.2.2. Hydrogen-Bond Analysis. The hydrogen bond is the
directional attraction acting on the electron-deficient hydrogen
atom and the highly electronegative atom.50 These two parts
are, respectively, the electron acceptor and the electron donor.
The judge standard to form the hydrogen bonds is the
existence of these two parts, and relevant geometric parameters
conform to the judgment principle proposed by Jeffery.51 The

Figure 10. (a) Myricetin molecular model and the ID of the atoms in the molecule. The radial distribution function (g(r)) of the three types of
intermolecular hydrogen bonds in (b) PVP/MYR, (c) HPMC/MYR, and (d) PEG/MYR, and the characteristic peaks of the radial distribution that
form hydrogen bonds are marked with green circles.
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greater the absolute value of the atomic charge, the easier it is
to act as a donor or acceptor for forming hydrogen bonds.
Figure 10a and Table 1 present the charge distribution of MYR

molecules. From the figures and the charge values, the phenolic
hydroxyl hydrogen atoms (H1/H3/H5/H7/H8/H9) in MYR
molecules have a higher positive charge and tend to act as
electron acceptors for intermolecular hydrogen bonds or
intramolecular hydrogen bonds. The negatively charged
oxygen atoms such as O1/O2/O6/O7/O8 in the molecule
tend to form hydrogen-bond electron donors.
It can be known from the molecular structure of myricetin

and the selected polymer that there is a tendency to form
intermolecular hydrogen bonds between myricetin and the
polymer. The −C  O group in PVP and the −C−O− group
in HPMC and PEG can be regarded as the electron donors of
the hydrogen bond, and they physically bind to the phenolic
hydroxyl site of myricetin. The stronger the hydrogen bond
between myricetin molecules and the polymer, the lower the
mobility of myricetin molecules, which can better inhibit
myricetin crystallization. According to the atom and group
composition of the electron donor and electron acceptor, the
kinds of hydrogen bonds that may appear in solid dispersion
are classified and shown in Table 2.

The radial distribution function (RDF and g(r)) can be used
to describe the distribution of hydrogen bonds.52 The g(r) is
the probability of finding another atom when the distance is r,
where g(r) is a quantity of dimension 1. When r is near 2−
2.5Å, the possibility of forming hydrogen bonds is the largest.45

Figure 10b−d shows that three systems all contain
intermolecular hydrogen bonds, which correspond to the
characterization results of FTIR in Section 4.2.1. The
intermolecular hydrogen bond of type A can only be observed
in the system PVP/MYR, while type B and type C can also
exist in the other two systems. In addition, the oxygen atom of
hydroxy tends to be an electron donor more than that of the
ether bond in the polymer chain, which could be inferred from
the results of Figure 10c,d.

The Gibbs free energy of hydrogen-bond dissociation can be
calculated to measure the strength of the hydrogen bonds.53 As
is shown in Figure 11a, the Gibbs dissociation free energy
(ΔG) of type A hydrogen bonds (orange color) is significantly
higher than that of types B and C. The latter two types can also
dissociate spontaneously, but the binding effect of myricetin
with PVP is the strongest.
The molar concentration of intermolecular hydrogen bonds

(CHBs) that is achieved from eq 6 is the number of moles of
intermolecular hydrogen bonds per unit volume of the
system.54 Here, NHBs refers to the number of hydrogen
bonds, NA is the Avogadro constant, and V refers to the
volume of periodic cells.55 It is used to evaluate the content of
each hydrogen bond in the systems.45

=C
N N

V
/

HBs
HBs A

(6)

From the analysis of the hydrogen-bond molar concen-
tration results in Figure 11b, the type A hydrogen bonds in
PVP (orange column) have not only a strong effect but also a
high molar concentration value. Therefore, the intermolecular
interaction of this system is more significant and it is easier to
make myricetin molecules more dispersed in PVP than the
other two.

3.3. Characterization of Solubility. 3.3.1. Standard
Melting Curve and Equilibrium Solubility. The myricetin−
ethanol solution with a concentration of 2−18 μg/mL was
configured into five solution samples according to a
concentration gradient of 4 μg/mL, and the UV−vis curve in
the range of 450−300 nm was measured as shown in Figure
12a. Myricetin solution has a maximum absorption peak at a
wavelength of 377 nm, and there is an ideal linear correlation
(R2 = 0.9999) between the maximum absorption value and the
concentration, and the solubility standard curve of myricetin is
drawn in Figure 12b.
Compared with the standard solubility curve, the equili-

brium solubilities of pure myricetin and three solid dispersion
samples were measured. The results are shown in Table 3. It
can be found that the equilibrium solubility of myricetin using
PVP as the excipient is about 26 times higher than the PEG
system and about 5 times higher than the HPMC system. In
the previous simulation calculations, it was obtained that the
PVP/MYR hybrid system has a stronger PVP-MYR
intermolecular force than the other two systems, which will
destroy the crystallization of myricetin and improve its
solubility in water. Obviously, the results of equilibrium
solubility could confirm this point.
In addition, the same content of myricetin and the solid

dispersion was weighed in the same volume of deionized water
and it was fully stirred and then allowed to stand to observe the
dissolution process of each sample. It can be seen that the
dissolution phenomenon of the solid dispersion system with
PVP is obvious, and a yellow transparent solution is obtained
as shown in Figure 13.

3.3.2. Dissolution In Vitro Analysis. The dissolution
experiment is more intuitive to compare and analyze the
dissolution and release of the antioxidant in the solid
dispersion.28 The results are shown in Figure 14. The
dissolution platform of the three solid dispersions is higher
than that of pure MYR, and the order is MYR/PVP-SD >
MYR/HPMC-SD > MYR/PEG-SD, which agrees well with the
simulation predictions from ΔEmix, Ebinding, ΔG, and CHBs

Table 1. Charge Distribution of Each Atom in the MYR
Molecule

atom charge

C1/C3/C5/C6/C12/C13/C14/C15 0.042
C2/C4/C11 −0.1268
C7 0.367
C8/C9 0.0265
C10 0
O1/O2/O6/O7/O8 −0.452
O3 −0.0685
O4 −0.419
O5 −0.4365
H1/H3/H5/H7/H8/H9 0.41
H2/H4/H6/H10 0.1268

Table 2. Classification of H-Bonds According to Electron
Donor and Electron Acceptor

H-bond electron donor electron acceptor

type A MYR−OH −CO
type B MYR−OH −C−O−C−
type C MYR−OH −C−O−H
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values. It is proved that the combination of ideal dispersibility
and strong interaction can improve the solubility.
3.4. Effects of Myricetin and Its Solid Dispersions on

the Cell Viability and Intracellular ROS Level. Myricetin
and its solid dispersions were incubated with HUVECs for 24
h at different concentrations. Results showed that no
significant cytotoxic effects were detected on the cell viability
when the concentration of myricetin was not higher than 10

μM (Figure 15). In addition, it can be noticed that the cells
incubated with PVP/MYR-SD displayed a higher viability than
those with myricetin alone or with the other two solid
dispersions when myricetin was at equimolar concentrations.
The intracellular ROS level was examined to characterize the

free radical scavenging activity and antioxidant performance of
myricetin and its solid dispersions.56 The results are shown in
Figure 16. The negative control group is a group without
hydrogen peroxide, while the CON group is a positive control

Figure 11. (a) Gibbs free energy of the dissociation reaction of three types of hydrogen bonds; (b) molar concentration of all hydrogen bonds in
the three systems.

Figure 12. (a) UV−vis curve of different concentrations of myricetin−ethanol solution in the range of 300−450 nm; (b) solubility standard curve
of myricetin.

Table 3. Equilibrium Solubility of MYR and Three Types of Solid Dispersion

samples MYR MYR/PVP-SD MYR/HPMC-SD MYR/PEG-SD

equilibrium solubility (μg/mL) 0.62 ± 0.01 50.74 ± 0.05 9.87 ± 1.40 1.94 ± 0.08

Figure 13. Dissolution of pure myricetin and three types of solid
dispersion samples.

Figure 14. Dissolution curves of pure myricetin and three solid
dispersion systems.
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group with hydrogen peroxide without myricetin and its solid
dispersion samples, and the rest of the groups are added with
hydrogen peroxide. The ability of 10 μM antioxidants to
reduce ROS levels in cells is also listed as PVP/MVR-SD >
HPMC/MVR-SD > PEG/MVR-SD > MYR. It can be seen
that the solid dispersion of the PVP system displayed a lower
median fluorescence intensity (MFI) than the others,
suggesting the increased myricetin released from the PVP-
based solid dispersion and played a stronger oxygen scavenging
activity.
The cell experiment is based on the dissolution results. The

more dispersed myricetin is, the more significantly it can be
released in the cell and even the biological system, and the
more effective its medicinal properties will be. The addition of
cell experiments can better reflect the practical significance of
this set of research.

4. CONCLUSIONS
In this paper, through the quantum mechanics and molecule
dynamic simulations combined with experiments from the two
microscopic perspectives of dispersibility and intermolecular
interaction, the factors affecting the myricetin−polymer solid
dispersions are discussed. The optimal candidate polymer

excipient for myricetin is screened out from PVP, HPMC, and
PEG polymers. The main conclusions are as follows.

(1) Judging from the dispersibility of myricetin in the
polymer, the solid dispersion is better than the physical
mixture, indicating the effectiveness of the solid
dispersion modification. In addition, PVP can better
inhibit the agglomeration of myricetin compared with
HPMC and PEG and present the effect of significantly
destroying the myricetin crystallization. These are based
on characterizations of DSC−TG, SEM, and XRD
experiments and theoretical analyses of Flory−Huggins
parameters (χ), mixing energy (ΔEmix), mean square
displacement (MSD), and binding energy (Ebinding) data
from molecular simulations.

(2) The hydrogen-bond interactions in solid dispersions of
myricetin and the three polymer excipients are
confirmed from FTIR experiments. Compared with
MYR/PEG-SD and MYR/HPMC-SD, the intermolecu-
lar hydrogen bond in the MYR/PVP-SD system has a
stronger effect and a higher molar concentration, which
corresponds to the result of dispersion states. These
conclusions are based on the FTIR characterization and
the discussion of simulation parameters of strength and
concentration of hydrogen bonds.

(3) In terms of experimental and simulation results, the
PVP/MYR-SD exhibits superior solubility compared to
the other two solid dispersion systems. The dissolution
characterization shows the superiority of this group of
samples, which is consistent with the simulation data.
Cell viability characterization and ROS-level detection
experiments also confirmed the superiority of PVP/
MYR-SD in scavenging active oxygen free radicals and
antioxidation in biological systems.

This study analyzed the solubilization effect of polymer
excipients on myricetin from the molecular level and screened
the selected polymers. It may provide new ideas for the design
and modification of drugs.

5. MATERIALS AND METHODS
5.1. Materials. The myricetin (MYR) was supplied by Bide

Pharmatech Ltd, Shanghai, China. Poly(vinyl pyrrolidone)
(PVP) was achieved from Beijing Solabio Science& Technol-
ogy Co., Ltd, China. Hydroxypropyl methylcellulose (HPMC)
was provided from Meryer (Shanghai) Chemical Technology
Co., Ltd, China. Poly(ethylene glycol) (PEG) was purchased
from Tokyo Chemical Industry CO., Ltd, Japan. Both absolute
ethanol and dichloromethane are industrial grade, used as
solvents. All of the above raw materials were put into use
directly without further treatment.

5.2. Preparation of Polymer Excipient/MYR Solid
Dispersion (SD) and Physical Mixture (PM) Samples.
First, a certain mass of MYR and polymer excipients (w/w 1:9)
was weighed and dissolved in a mixed solvent of ethanol and
dichloromethane (v/v 1:2).13 After that, magnetic stirring was
performed for 1 h to completely dissolve the solid mixture. The
solvent was removed by rotary evaporation in a water bath at
30 °C. The solid obtained by rotary evaporation was dried
under reduced pressure at room temperature for about 8 h, and
then, the samples were freeze-dried at low temperature for at
least 24 h. Finally, the samples were put into a ball mill tank
with liquid nitrogen added in, and a powdery solid dispersion
was obtained by pulverizing and passing 80-mesh sieves.37

Figure 15. Relative viability of HUVECs incubated with myricetin
and its solid dispersions for 24 h at different concentrations: (a) pure
MYR, (b) PVP/MYR-SD, (c) PEG/MYR-SD, and (d) HPMC/MYR-
SD.

Figure 16. Scavenging ability of myricetin and its solid dispersion to
intracellular ROS. The concentration of myricetin in the tested groups
was 10 μM.
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The myricetin and polymer excipients (PVP/MYR, HPMC/
MYR, PEG/MYR) were placed in an agate mortar and ground
thoroughly to make physical mixture samples for character-
ization. Since the content of the antioxidant exceeds a certain
critical value, secondary crystallization will occur during the
preparation of the solid dispersion. Therefore, the mass
fraction of MYR is controlled by about 10% in the solid
dispersion as well as that in the physical mixture.
5.3. Measurements and Characterization. 5.3.1. X-ray

Diffraction (XRD). Through the X-ray diffraction method, the
crystallinities of myricetin, excipients, and respective solid
dispersions were determined. Tests were recorded and
obtained by an XRD-600 diffractometer (SHIMADZU,
Japan). The 2θ range was set from 5 to 80 degree, and the
scan rate was 5 degree/min.
5.3.2. Fourier Transform Infrared Spectroscopy (FTIR).

The group characteristics and intermolecular interactions in
the solid dispersion samples were obtained by Fourier infrared
spectroscopy. The samples of pure myricetin, three solid
dispersion samples containing three excipients, and their
corresponding physical mixture samples were all recorded on
the FTIR spectrometer (BRUKER, Germany) with the KBr
tablet technology, and the wavenumber of each sample was
recorded in the range of 4000−400 cm−1.
5.3.3. Differential Scanning Calorimetry and Thermal

Gravimetry (DSC−TG). The thermal behavior (crystallization,
melting, or glass transition) of myricetin and its solid
dispersion under a nitrogen flow were recorded by DSC
(NETZSCH, German). The dehydration and thermal
decomposition behavior of the sample within a specific
temperature range were observed by TG (TA, the United
States). The purpose of the combination of the two is to
analyze whether myricetin is uniformly dispersed before the
sample is thermally decomposed. The test was carried out
under a nitrogen atmosphere, at a temperature range of 30−
400 °C, and the heating rate was 10 °C/min.
5.3.4. Scanning Electron Microscope (SEM). The scanning

electron microscope (Hitachi S-4800, Japan) was used to
observe the microscopic morphology of myricetin and its solid
dispersion. The samples were evenly smeared on the surface of
the conductive adhesive and sputtered with gold spray coating.
5.3.5. Solubility and Dissolution Characterization. A batch

of myricetin−ethanol solution was configured according to a
certain concentration gradient, and the UV−vis curve in the
range of 450−300 nm was measured by a UV spectropho-
tometer (SHIMADZU, Japan). The absorbance at the
maximum absorption peak was monitored, and the standard
solubility curve was drawn correspondingly. Then, the linear
regression equation of the absorbance−myricetin concen-
tration could be obtained by fitting. At the same time, the
excess myricetin and its three solid dispersion samples were
stirred in 10 mL of deionized water for 2 h and then passed
through the filter membrane to obtain their respective
saturated solutions. The absorbance was measured and then
substituted into the above linear regression equation to obtain
the equilibrium solubility.
The dissolution studies of pure MYR and SD (MYR/PVP,

MYR/HPMC, and MYR/PEG) samples were carried out by an
automatic dissolution apparatus (FADT-800RC, Japan) in
vitro.57 The dissolving media consisted of 0.1 N HCl (900
mL) at 37 ± 0.5 °C, and the stirring speed was 100 rpm. A
total of 10 mg of pure MYR and a solid dispersion containing
10 mg of MYR active ingredient samples were immersed in the

dissolving medium. The samples were taken out at
corresponding time intervals (5, 10, 15, 20, 30, 45, 60, 90,
and 120 min) for testing. A UV spectrophotometer
(SHIMADZU, Japan) was used to determine the concen-
tration of MYR. The relationship diagram between the drug
release amount and time can be established by analyzing the
dissolution and release performances of the samples.28

5.3.6. Cell Culture. Human umbilical vein endothelial cells
(HUVECs, #8000), endothelial cell medium (ECM, #1001),
fetal bovine serum (FBS, #0025), penicillin/streptomycin
solution (P/S, #0503), endothelial cell growth supplement
(ECGS, #1052), and poly-L-lysine (PLL, #0403) were all
purchased from ScienCell Research Laboratories (San Diego,
CA). HUVECs were grown on a PLL-coated culture plate in
ECM supplemented with 5% FBS, 1% P/S, and 1% ECGS.

5.3.7. Cell Viability Assay. The viability of HUVECs treated
with MYR or its solid dispersion was analyzed by applying a
cell count kit (CCK-8, Dojindo).58 The MYR or the solid
dispersion was diluted in a fresh medium to the final MYR
concentrations of 5, 10, and 20 μM and was added to
HUVECs, respectively. After 24 h of incubation, the cells were
washed twice with PBS and incubated with a medium
containing 10 μL of CCK-8 reagents for 3 h. The absorbance
of the medium was measured at 450 nm using a microplate
reader (BioTek Synergy4). All measurements were carried out
in triplicate, and the cell viability was calculated with the
protocol provided by the manufacturer.

5.3.8. Intracellular Reactive Oxygen Species (ROS)
Measurement. The intracellular ROS level was measured
using the probe 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA, Sigma-Aldrich).56 HUVECs were incubated
with the probe for 30 min. After washing, the cells were
added with 10 μM MYR or its SD samples, followed by
addition of 30 μL of 50 mM H2O2 and 5 min of incubation.
The cells were then washed, trypsinized, and collected. The
fluorescence intensity was detected by a flow cytometer (BD
Accuri C6).

5.3.9. Statistical Analysis. The data are shown as mean ±
standard deviation for all treatment groups. Statistical
significance was ascertained through one-way ANOVA with
SPSS software (SPSS17.0).58
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