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ercetin–nicotinamide cocrystals
and their evaluation under in vivo and in vitro
conditions†

Na Wu,ab Yan Zhang,b Jian Ren,b Aiguo Zengc and Juntian Liu *a

Quercetin is a flavonoid abundant in the plant kingdom. Various types of bioactivities of quercetin have been

demonstrated in vitro. Although quercetin has been proposed to exhibit numerous pharmacological

benefits, it suffers from low bioavailability on account of its obviously poor solubility in water. Cocrystals

have generated interest recently as a way of enhancing the dissolution in vitro and creating relative

bioavailability of insoluble medicine. In this study, quercetin–nicotinamide cocrystals were obtained via

a solvent evaporation technique. Furthermore, quercetin–nicotinamide cocrystals were characterized via

Fourier transform infrared (FI-IR) spectroscopy, X-ray powder diffraction (PXRD), and differential

scanning calorimetry (DSC) techniques. Quercetin–nicotinamide cocrystals are a new phase material,

and the established intermolecular forces such as hydrogen bonds between quercetin and nicotinamide

existed in the quercetin–nicotinamide cocrystals, as confirmed from the solid-state analysis. The

dissolution of quercetin–nicotinamide cocrystals was found to be significantly higher than that of

quercetin crystals. The pharmacokinetic data from the in vivo experiments suggested that quercetin–

nicotinamide cocrystals could significantly increase the oral absorption of quercetin by nearly 4-fold.

These results demonstrate that the developed quercetin–nicotinamide cocrystals are a promising oral

formulation toward improvement in the dissolution and bioavailability of quercetin.
1 Introduction

Flavonoids exist extensively in nature, and some of these
compounds possess medicinal value, such as antioxidant, free
radical scavenging and antitumor activities.1 Numerous studies
have shown protective effects of avonoids against cardiovas-
cular diseases and senility through antioxidant-free radical
activity, and tumor by reducing drug resistance, and so on.2

Quercetin (3,30,40,5,7-pentahydroxyavone), a naturally occur-
ring biological avonoid, mainly comes from acerola cherries,
tea, red onions, raspberries, blueberries and other plants and
displays a strong antioxidant activity3 and other bioactivities
including anti-inammatory, anti-tumor, cardioprotective and
metal chelating effects.4–7

Although quercetin has numerous benecial effects on
humans, its extremely low solubility in water limits its devel-
opment and applications. It is reported that the oral absorption
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of quercetin in the gastrointestinal system is very low, only
2%,8–10 due to its high crystallinity that causes the low absorp-
tion of quercetin. Therefore, the improvement of quercetin
solubility in water is necessary to increase its bioavailability.

For the past few years, some techniques have been applied to
increase the dissolution and bioavailability of quercetin, such
as amorphous solid dispersion, nanoencapsulation, and co-
crystallization.11–13 Cocrystals are multi-component crystalline
systems composed of different molecular and/or ionic
compounds with some order in the proportion. However, the
solid is neither a simple solvent complex nor a salt.14,15 In recent
years, scientists have changed the physicochemical properties
of solids, such as the dissolution, stability, physicochemical
properties, bioavailability and mechanical properties using
cocrystals and without affecting the activity of the original
insoluble solid medicine.16,17 Cocrystals with active pharma-
ceutical ingredient (API) and different excipients, or of different
stoichiometry with the same cocrystals as that of former, have
a different crystal structure and bring about different physico-
chemical properties.18,19 The cocrystals of quercetin with
caffeine or isonicotinamide/theobromine formed by hydrogen
bonds can improve the water solubility of quercetin, and
increase the bioavailability of quercetin by up to 10 folds.20

In this experiment, nicotinamide was chosen as a cocrystal
former, and cocrystals of quercetin–nicotinamide with different
stoichiometries were prepared. Furthermore, we characterized
This journal is © The Royal Society of Chemistry 2020
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View Article Online
the cocrystals by numerous analytic methods and investigated
their dissolution and bioavailability.

2 Experiments and methods

Quercetin (98% purity) and nicotinamide (99% purity) were
purchased from Xi'an Shuaidi Biotechnology Co., Ltd (Xi'an,
Shaanxi, China). Methanol, acetonitrile and all other chemical
reagents were obtained from Guangdong Chemical Reagent
Engineering Enterprise R&D Centers of Chromatographical
Pure (Guangzhou, Guangdong, China). An Agilent C18 column
and an AT-130 column oven (150 � 4.6 mm, 5 mm) used in the
experiment were purchased from Hangzhou Ruixi Technology
Co., Ltd (Hangzhou, Zhejiang, China).

Sprague-Dawley (SD) rats, weighing 240 to 290 g, were
provided by Laboratory Animal Center of Health Science Center
of Xi'an Jiaotong University (Xi'an, Shaanxi, China), and the
experiments were approved with the standards of ethical review.
All of the experimental protocols involving animals were
reviewed and approved by the Medical Ethics Committee of the
Xi'an Jiaotong University of Chinese Medicine Animal Care.
‘Principles of Laboratory Animal Care’ (NIH) and Guidelines of
the Laboratory Animal Care Committee of Xi'an Jiaotong
University were obeyed.

2.1 Preparation of quercetin–nicotinamide cocrystals

Quercetin and nicotinamide in the molar mass ratios of 1 : 1
(302.0 mg quercetin with 122.0 mg nicotinamide) and 1 : 2
(302.0 mg quercetin with 244.0 mg nicotinamide) were dis-
solved in 25 mL absolute ethanol at 80 �C and ltered using
a lter paper. The ltrate was slowly evaporated at room
temperature to harvest the yellow crystals of the two cocrystals.

2.2 Analysis via powder X-ray diffraction (PXRD)

PXRD measurements were performed using a Bruker D8
ADVANCE instrument with Cu Ka radiation and operating at
2000 W with 30 mA and 40 kV, respectively. All samples were
measured in the 2q range of 5–45� at a step interval of 0.02�. The
Jade soware (version 6.5) was used to analyze the measure-
ment data in this study.

2.3 Differential scanning calorimetry (DSC)

The DSC thermograms were obtained using a DSC 822e (MET-
TLER TOLEDO, Switzerland) instrument. All samples were
loaded in aluminum pans, and the instrument was calibrated
by an indium standard. An empty pan and samples were sealed
and used for comparative testing. Samples were heated from
25 �C to 350 �C at a heating rate of 10 �C min�1 in an inert
nitrogen atmosphere. We performed data analysis using STARe

soware (version 10.00). The STARe soware (version 10.00) was
employed to analyze the DSC results.

2.4 Infrared spectroscopy (FT-IR)

A Shimadzu FT-IR 8400S system (Shimadzu, Japan) was
employed to record the FT-IR spectra in the range of 4000 to
This journal is © The Royal Society of Chemistry 2020
400 cm�1 (15 scans per spectrum). Samples were fully ground,
followed by the addition of an appropriate amount of KBr
powder and continue grinding until the particle size was less
than 2 mm. Samples were placed in the mold and pressed into
a transparent wafer before recording their IR spectra. The IR
solution soware was used to analyze the FT-IR results.
2.5 Dissolution test

The dissolution test of quercetin (70 mg) and quercetin–nico-
tinamide cocrystals (equivalent to 70 mg quercetin) was per-
formed using the ZRS-8LD intelligent dissolution tester (Tianjin
Tianda Tianfa Technology Co. Ltd, China), using 200 mL water
as a dissolutionmedium at the temperature of 37.5� 0.5 �C and
at the velocity of rotation of 100 rpm. The in vitro dissolution of
quercetin was performed by a slurry method for 6 h at the
sampling time of 5, 10, 15, 20, 30, 60, 120, 180, 240, 300 and
360 min, and the samples were passed through a 0.45 mm
microporous membrane lter. At a given sampling time,
volume and temperature of the fresh dissolution medium were
adjusted to correct the cumulative dilution. The sample
concentrations were determined via high-performance liquid
chromatography (HPLC) aer ltration and dilution. All disso-
lution experiments were performed in triplicates.

The chromatographic separation was obtained with
a moving phase made up of methanol and 0.1% phosphoric
acid (55 : 45, bulk factor). Moreover, the ow rate of the moving
phase was controlled at 1.0 mL min�1. The oven used for the
chromatographic column was controlled at 30 �C. All the
samples were analyzed via HPLC on a UV detector at 254 nm.
2.6 Pharmacokinetics in rats

SD rats used in this study were fed an absolute diet (water for
free) for 12 h continuously before the experiment. 10 male SD
rats were stochastically divided into two groups for the oral
administration of a bolus dose of quercetin or quercetin–nico-
tinamide cocrystals (1 : 1), respectively. The suspensions of
quercetin (10 mg kg�1) were composed of 2 mL 0.5% CMC-Na
and quercetin, and quercetin–nicotinamide cocrystals (1 : 1)
equivalent to quercetin level of 10 mg kg�1. The blood samples
were collected from the jugular vein at 0, 5, 10, 30, 60, 120, 240,
360, 480 and 720 min in heparinized tubes. Then, the blood
samples were centrifuged for ten min (3000 rpm) and the ob-
tained plasma samples were refrigerated at �80 �C for testing.

The liquid–liquid extraction technique was used in plasma
samples. Briey, for a 0.5 mg mL�1 sample, 50 mL of genistein
(internal standard) solution was added into the centrifuge tube
and volatilized to dryness. 200 mL of the plasma samples were
accurately measured, put into a centrifuge tube with the
internal standard for volatile drying, then 0.5 mL of ethyl
acetate was added, swirled blended for 1 min, and centrifuged
(3500 rpm, 5 min). Aer standing for a while, the upper layer
was transferred into another clean test tube, blow-dried under
a nitrogen ow. The remaining obtained residue was redis-
solved in 50 mL of methanol, swirled for 1 min, and centrifuged
(12 000 rpm, 5 min); aer standing for a while, 20 mL of the
RSC Adv., 2020, 10, 21852–21859 | 21853
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View Article Online
supernatant liquid was injected into the HPLC system, and the
analysis results were recorded.

The chromatographic separation was obtained with
a moving phase, comprising acetonitrile, methanol and 0.1%
phosphoric acid (30 : 5 : 65, bulk factor), and under a controlled
ow velocity of 1.0 mL min�1. The oven was maintained at
30 �C. The ratio of the chromatographic peak area of quercetin
to an internal standard by UV absorbency at 254 nm was
determined for quantitative analysis.

The WinNolin soware (version 5.2) was used to match the
non-compartment model of the measured pharmacokinetic
Fig. 1 PXRD patterns of nicotinamide, quercetin–nicotinamide cocrystals
nicotinamide, (b) quercetin–nicotinamide cocrystal (1 : 1), (c) quercetin–

21854 | RSC Adv., 2020, 10, 21852–21859
data and the Student's t-test was used for the statistical analysis.
The SPSS soware (version 18) was employed for the statistical
analysis (p < 0.05).
3 Results and discussion
3.1 Solid state characterization

PXRD. The PXRD data is shown in Fig. 1. Quercetin had
strong crystal characteristic diffraction peaks at 2q ¼ 8.84�,
16.54� and 27.42�. The characteristic diffraction peaks of the
physical mixture of quercetin and nicotinamide are equivalent
(1 : 1 and 1 : 2), physical mixture (1 : 1) and quercetin (up to bottom); (a)
nicotinamide cocrystal (1 : 2), (d) physical mixture (1 : 1), (e) quercetin.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 DSC thermograms for nicotinamide, quercetin–nicotinamide
cocrystals (1 : 1 and 1 : 2), physical mixture (1 : 1) and quercetin, (a)
physical mixture (1 : 1), (b) quercetin–nicotinamide cocrystal (1 : 2), (c)
quercetin–nicotinamide cocrystal (1 : 1), (d) nicotinamide, (e)
quercetin.

Fig. 4 Dissolution profiles of quercetin, physical mixture (1 : 1) and
quercetin–nicotinamide cocrystals (1 : 1 and 1 : 2) in water.
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to the superimposed peaks of quercetin and nicotinamide.
Simultaneously, the characteristic diffraction peaks of quer-
cetin–nicotinamide cocrystals (1 : 1 and 1 : 2) were different
from the physical mixture of quercetin and nicotinamide. A new
phase was formed as seen from the patterns.

DSC. DSC gures for the melting point are shown in Fig. 2.
The melting point peaks of quercetin and nicotinamide are
313.43 �C and 131.77 �C, respectively. The curve for the physical
mixture was equivalent to that of the superimposed quercetin
and nicotinamide. The melting points of quercetin–nicotin-
amide cocrystals (1 : 1) and quercetin–nicotinamide cocrystals
(1 : 2) were 231.77 �C and 195.1 �C, respectively. These results
were different from the physical mixture of quercetin and
nicotinamide. The formation of some new phases was also
observed. The same conclusions were reached from the PXRD
gures.

FT-IR. The FT-IR spectra were recorded to evaluate the
intermolecular forces between quercetin and nicotinamide in
quercetin–nicotinamide cocrystals. It is well known that the
formation of non-covalent bonds such as hydrogen bonds oen
Fig. 3 FT-IR spectra showing the region from 4000 cm�1 to 400 cm�1

of quercetin, nicotinamide, physical mixture (1 : 1) and quercetin–
nicotinamide cocrystals (1 : 1 and 1 : 2), (a) physical mixture (1 : 1); (b)
nicotinamide; (c) quercetin–nicotinamide cocrystal (1 : 2), (d) quer-
cetin–nicotinamide cocrystal (1 : 1); (e) quercetin.

This journal is © The Royal Society of Chemistry 2020
leads to the shiing or broadening of the characteristic peaks
corresponding to active pharmaceutical ingredients and
different cocrystal formers in FT-IR spectra.21

The FT-IR spectra of quercetin, nicotinamide, physical
mixture (1 : 1) and quercetin–nicotinamide cocrystals (1 : 1 and
1 : 2) are shown in Fig. 3. The characteristic peak for quercetin
is observed at 3560 cm�1 (O–H stretching vibrations), while the
peak for quercetin–nicotinamide cocrystals (1 : 1) is at
3230 cm�1. The characteristic peaks for nicotinamide were
generally seen at 1690 cm�1 (C]O stretching vibrations) and
3520 cm�1 (N–H stretching vibrations), but the enhanced
characteristic peaks for quercetin–nicotinamide cocrystals
(1 : 1) are observed at 1630 cm�1 and 3350 cm�1. Comparing
with quercetin and nicotinamide, the FT-IR spectra of quer-
cetin–nicotinamide cocrystals show peak shis (3560 /

3230 cm�1 for O–H stretching vibrations, 1690/ 1630 cm�1 for
C]O vibrations, and 3520 / 3350 cm�1 for N–H stretching
vibrations). This could be due to the formation of hydrogen
bonds between quercetin and nicotinamide in quercetin–nico-
tinamide cocrystals, which might change some peak positions
and shapes. The characteristic FT-IR absorption peaks for the
physical mixture of quercetin and nicotinamide were the same
as those of the superimposed peaks of quercetin and nicotin-
amide, which proved that the simple mixture of quercetin and
nicotinamide had no interaction with each other. The physical
mixture of quercetin and nicotinamide did not exhibit any
intermolecular forces with each other. The same results are also
seen in PXRD and DSC.
Table 1 The main pharmacokinetic data of quercetin and quercetin–
nicotinamide cocrystals (1 : 1) in rats (n ¼ 5)

Parameters Unit Quercetin
Quercetin–nicotinamide
cocrystals

t1/2(ka) min 1.06 1.97
t1/2(ke) min 4.96 � 103 1.47 � 104

Tmax min 12.87 25.31
Cmax mg mL�1 0.54 0.71
AUC0–12 (mg mL�1) � min 3.88 � 103 1.52 � 104

Ka min�1 0.66 0.35
Ke min�1 1.4 � 10�4 4.7 � 10�5

RSC Adv., 2020, 10, 21852–21859 | 21855
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3.2 Dissolution

The dissolution curves for quercetin, nicotinamide, physical
mixture (1 : 1) and quercetin–nicotinamide cocrystals (1 : 1 and
Fig. 5 HPLC chromatograms of blank rat plasma (a), rat plasma spiked
administration (10 mg kg�1) of quercetin or quercetin–nicotinamide coc

21856 | RSC Adv., 2020, 10, 21852–21859
1 : 2) in water are shown in Fig. 4. The in vitro dissolution of
quercetin was determined by the slurry method, in the same
way, it was for quercetin–nicotinamide cocrystals (1 : 1 and
with quercetin plus genistein (b) and rat plasma sample after the oral
rystals (1 : 1) (c). (1), quercetin; (2), genistein.

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Plasma concentration–time curves of quercetin in rats after the
oral administration (10 mg kg�1) of quercetin or quercetin–nicotin-
amide cocrystals (1 : 1) (n ¼ 5).
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1 : 2) and the physical mixture. In this study, pure water was
used as a dissolution medium and the samples were taken for
6 h at 5, 10, 15, 20, 30, 60, 120, 180, 240, 300 and 360 min,
respectively. The dissolution tester temperature wasmaintained
at 37.5 � 0.5 �C. Quercetin had very poor water solubility, and
the plateau concentration of quercetin was 1.5 mg mL�1, which
agreed with reported by M. et al. (3 mg mL�1).22 The dissolution
curve of quercetin was similar to that of the physical mixture of
quercetin and nicotinamide. However, quercetin–nicotinamide
cocrystals (1 : 1 and 1 : 2) had better dissolution than the
quercetin crystal in our study. It is important to note that
quercetin–nicotinamide cocrystals (1 : 1 and 1 : 2) showed
a signicantly faster dissolution rate and supersaturated
dissolution curve. Within 15 min, the dissolution rate of quer-
cetin–nicotinamide cocrystals (1 : 1 and 1 : 2) was faster than
that of quercetin. The peak concentration of quercetin–nico-
tinamide cocrystals (1 : 1 and 1 : 2) was 10 and 6 times the
quercetin solubility, respectively. It was concluded that the
rapid dissolution and higher solubility of quercetin–nicotin-
amide cocrystals were due to a strong hydrophilic effect. Quer-
cetin was not easily dispersed in water and is highly
hydrophobic. Aer reaching a peak concentration, the concen-
tration of quercetin–nicotinamide cocrystals is gradually
decreased and was 4.5 mg mL�1 at 6 h and 3 times the quercetin
solubility. The downdri of concentration was due to the
recrystallization of quercetin during the dissolution experi-
ment. The drastic increase in the solubility and faster dissolu-
tion rate for quercetin–nicotinamide cocrystals could benet
the oral bioavailability of quercetin and help to develop various
applications.
3.3 Pharmacokinetics

It is a hypothesis that the increase in dissolution could result in
improving the bioavailability of quercetin–nicotinamide coc-
rystals. The bioavailability of quercetin–nicotinamide cocrystals
was evaluated by pharmacokinetic parameters in rats. Quer-
cetin–nicotinamide cocrystals (1 : 1) were chosen to evaluate the
bioavailability of quercetin–nicotinamide cocrystals due to their
highest supersaturated dissolution.

First, the methodology was veried via high performance
liquid chromatography in this experiment. The experimental
data showed that the peak values of quercetin and genistein
(internal standard) were 12.4 min and 19.5 min, respectively,
from high-performance liquid chromatography and two peaks
were completely separated. The endogenous impurities in the
plasma did not interfere with the determination of quercetin
and genistein. The standard calibration curve, which consisted
of six incremental sample concentrations (n ¼ 3) of quercetin
was constructed from the ratio of peak area and indicated
a linear relationship between quercetin and genistein as
a functional relationship of quercetin in the calculation of the
plasma concentrations (Y ¼ 0.55X � 0.2682), and showing
favorable linearity relationship (r ¼ 0.9990) at the effective
concentration range of 0.4 to 8 mg mL�1. The quantication
limit (S/N ¼ 10) (S/N: signal-to-noise) and the detection limit (S/
N ¼ 3) for high-performance liquid chromatography were 4 ng
This journal is © The Royal Society of Chemistry 2020
and 1 ng, respectively. The extraction recovery and method
recovery for blank plasma samples matched the three different
concentrations. The scope of the accuracy of quercetin was from
95% to 104%, and the intra-day to inter-day RSD ranged from
1.37% to 5.35%, respectively. In summary, the validation
consequences of methodology suggested that the method of
HPLC in this study was dependable and acceptable.

The pharmacokinetic curves aer the oral administration
(10 mg kg�1) of quercetin and quercetin–nicotinamide cocrys-
tals (1 : 1) to rats are exhibited in Fig. 6. The accurate data of
pharmacokinetic parameters are exhibited in Table 1. As ex-
pected, the oral absorption of quercetin was very poor because
of its poor solubility. However, the blood concentration of
quercetin was obviously higher than that of the quercetin crystal
aer the oral administration of quercetin–nicotinamide coc-
rystals (1 : 1), containing the equivalent amount of quercetin.
The maximum blood concentration (Cmax) was 1.3-fold superior
to that of quercetin crystals, indicating that quercetin–nicotin-
amide cocrystals could enhance the absorption of oral quer-
cetin. The area of quercetin under the curve (AUC0–12) obviously
increased, and the relative bioavailability of quercetin was 392%
in the quercetin–nicotinamide cocrystals (1 : 1). These results
suggest that quercetin–nicotinamide cocrystals effectively
enhance the oral bioavailability of quercetin (Fig. 5).
4 Discussion

PXRD, DSC and FT-IR are commonly used techniques for phase
identications. In this experiment, DSC is an analytic method to
measure the change of enthalpy between the sample and the
reference under the condition of the temperature range in
a program, and the area of the curve is proportional to the
change of enthalpy. An air atmosphere was used as a reference
in this experiment. So, the data obtained are the enthalpy ratios
of the samples, such as quercetin, quercetin–nicotinamide
cocrystals (1 : 1 and 1 : 2) and the physical mixture of quercetin
and nicotinamide. Different changes in enthalpy are
RSC Adv., 2020, 10, 21852–21859 | 21857
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corresponding to the different phases. Quercetin–nicotinamide
cocrystals (1 : 1 and 1 : 2) is a new phase obviously. Just the DSC
is sometimes not able to accurately identify the presence of
cocrystals and should be combined with other detection
methods. As is known, the specic crystals have characteristic
cell parameters and crystal structures. PXRD patterns show that
quercetin–nicotinamide cocrystals (1 : 1 and 1 : 2) are new
crystals different from quercetin crystals and their physical
mixture. The FT-IR curves show that some hydrogen bonds are
formed between quercetin and nicotinamide in quercetin–
nicotinamide cocrystals.

The slurry method was used in this study to measure the
dissolution of samples. Pure water was adopted as the disso-
lution medium. The dissolution of quercetin–nicotinamide
cocrystals (1 : 1 and 1 : 2) was higher than that of quercetin
crystals. In the in vivo experiments, HPLC was used to measure
the plasma concentration of quercetin. We have initially
established an appropriate analytical method of stabilization,
accuracy, and sensitivity. The quercetin–nicotinamide cocrys-
tals effectively increase the drug concentration of quercetin in
rats. Aer tting the data by soware, the maximum blood
concentration (Cmax) of quercetin–niacinamide cocrystals (1 : 1)
was 0.71 mg mL�1, and the area under the curve (AUC) was
15 216.63 (mg mL�1)$min. The drug concentration of insoluble
drugs will be increased in vivo by the cocrystal method, and oral
bioavailability will be improved.

5 Conclusion

In this study, we obtained quercetin–nicotinamide cocrystals via
the solvent evaporation technique. The solid-state analysis
suggests that quercetin–nicotinamide cocrystals are a new phase,
and interactions of the intermolecular hydrogen bonds exist
between quercetin and nicotinamide in quercetin–nicotinamide
cocrystals. The dissolution of quercetin–nicotinamide cocrystals
is found to be signicantly improved in comparison to that of
quercetin crystals. The pharmacokinetic experiment in rats
affirms that quercetin–nicotinamide cocrystals improve the
bioavailability of quercetin signicantly. This study will mean
that the drug cocrystal technology will be an available solid form
to improve the dissolution and oral bioavailability of insoluble
medicines and to expand the clinical applications of quercetin.
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