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Abstract

Phytochemicals have been used to reduce the risk of diseases and maintain good health and well-being. However, most phytochem-
icals have a limitation in their physicochemical properties, which can be modified by reforming the shape of the crystals. Therefore,
crystal engineering is a promising approach to optimize physicochemical characteristics of the active pharmaceutical ingredients
(APIs) in a phytochemical without altering its pharmacological efficacy. Hence, this paper reviews current strategies for the use of
crystal engineering to optimize physicochemical properties of phytochemicals, which is followed by the design of the synthesis and
characterization of particular phytochemicals, including piperine (PIP), quercetin (QUE), curcumin (CUR), genistein (GEN), and myricetin
(MYR). The literature indicates that crystal engineering of multicomponent crystals (MCCs) enhances phytochemical physicochemical
properties, including solubility, dissolution rate, stability, and permeability. The MCCs provide a lower lattice energy and noncovalent
bonding, which translate into lower melting points and weak intermolecular interactions that generate greater solubility, higher
dissolution rate, and better stability of the APIs. Nevertheless, the absence of reported studies of phytochemical crystal engineering
leads to a lack of variation in the selection of coformers, methods of preparation, and improvement of physicochemical properties.
Therefore, more extensive evaluation of the design and physicochemical characteristics of phytochemicals using MCCs is necessary
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and manifests the opportunity to enhance the application of phytochemicals in the pharmaceutical industry.
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1. INTRODUCTION

Phytochemicals, also known as secondary metabolites, are
plant-derived chemicals that may benefit human health (Eg-
buna et al., 2019). Phytochemicals that are found in food
products and benefit human health are known as nutraceuti-
cals. According to the Association of American Feed Control
Officials, nutraceuticals have been proven scientifically to be
beneficial for pet health (Nwosu and Ubaoji, 2020). Currently,
nutraceuticals have been used widely in the form of dietary
supplements, herbal products, functional foods, nutritional iso-
lates (B. Arnao and Herndndez-Ruiz, 2018), probiotics, and
prebiotics (Nwosu and Ubaoji, 2020). These products each
have been recognized for their ability to reduce the risk of
disease and contribute to the treatment of various medical con-
ditions. For example, there are reports of the use of curcumin
(CUR) from turmeric as an adjunctive treatment for cancer
patients (Jiao et al., 2016; Seo et al., 2016), quercetin (QUE) in
maintaining glucose for patients with diabetes (L.ee et al., 2012;

Nguyen et al., 2015), and many other clinical activities.

Despite the positive contributions to the state of human
health, research data indicates that the global market in As-
sociation of Southeast Asian Nations countries has become a
niche market in the most rapid expansion of the phytochemical
industry (Kantatasiri, 2012). Immunity boosters, cholesterol-
lowering agents, joint and heart care, collagen, fat-burning sup-
plements are some of best-selling phytochemicals worldwide
(Toyodaetal., 2016). However, the majority of phytochemicals
have challenges that affect their bioactivity: limited aqueous
solubility and dissolution rate, high melting point, hygroscop-
icity, and chemical instability (McClements, 2012; Yan et al.,
2013).

One strategy to maximize the bioactivities of phytochemi-
cals and to protect them against chemical, physical, or biolog-
ical degradation is to deliver them to a specific site of action.
Various approaches have been developed to address these chal-
lenges, presenting advantages and disadvantages with respect
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to phytochemical physicochemical properties, which depend
on physical, chemical, and mechanical characteristics of the
active pharmaceutical ingredients (APIs) and the simplicity
and eflicacy of the industrial process. Moreover, studies have
confirmed that optimizing the physicochemical properties of
bioactive compounds may enhance the bioavailabilities and
pharmacological activities of these compounds (Stasilowicz
etal., 2021).

Crystal engineering is a promising and unique approach
(Liuetal., 2016a) among techniques to enhance phytochemical
solubility and dissolution rates. Crystal engineering of multi-
component crystal (MCC) forms optimizes the physicochemi-
cal characteristics of a compound, such as melting point, solubil-
ity, dissolution rate, stability, permeability, and compressibility,
without altering its pharmacological efficacy (Kumar, 2018).
Moreover, MCC technology has been extensively researched,
as demonstrated by the various coformers, methods, and types
of MCCs that have been successfully formulated. Therefore,
to optimize the development of phytochemicals for use in clin-
ical and industrial pharmacy applications, this study reviews
current studies on the modification of physicochemical prop-
erties using crystal engineering. The methods to synthesize
and characterize MCCs will be explained to demonstrate how
crystal engineering can enhance the solubility, dissolution rate,
and bioavailability of selected phytochemical MCCs, includ-
ing piperine (PIP), QUE, CUR, genistein (GEN), and myricetin
(MYR). This review was performed by combining related key-
words with Boolean operators to search Google Scholar and
PubMed Central databases and select the literature from the
past 10 years from that compiled the specific criteria, including
being published in the years 2012-2022, indexed in Scopus,
published in English, and complete in structure.

2. PHARMACEUTICAL CRYSTAL ENGINEERING

Crystal engineering, also known as solid-state supramolecular
synthesis, is defined as “the understanding of intermolecular
interactions in the context of crystal packing and the utiliza-
tion of such understanding in design of new solids with desired
physical and chemical properties” (Batisai, 2021; Clarke, 2012).
Briefly, crystal engineering is a design strategy in the formation
of MCCs that involves molecular arrangements and intermolec-
ular interactions.

An MCC is formed by two or more different ions or mole-
cules that solidify together as a single-phase crystalline material
(Lombard et al., 2020). An MCC that is composed of a solvent
or liquid as a single crystallizing unit is called as solvate. If the
solvent is a water molecule, the MCC is called a hydrate. Ad-
ditionally, a salt composed of two or more oppositely charged
ions that crystallized and formed a neutral compound, as shown
in Figure 1. Salt formation is commonly utilized for poorly
water-soluble drugs containing ionizable groups, which are es-
timated to comprise more than 50% of drugs on the market
(Batisai, 2021). Salt crystals tend to provide a larger improve-
ment in solubility when compared with cocrystals (see below)
(Zaini et al., 2019); however, their formation is not achievable
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for nonionizable entities that cannot form salts with counter
ions.

API Coformer ’ Solvent Acid Base

Cocrystal Solvate/hydrate Salt

Figure 1. Types of Multicomponent Crystals

In contrast to salts, neutral molecules that are composed
of APIs and selected coformers that crystallize in a definite
stoichiometric ratio are known as cocrystals (Figure 1). The
main guidance for selecting coformers in pharmaceutical MCC
design is to use approved those that are generally recognized
as safe by the United States Food and Drug Administration
(FDA) and will not affect the pharmacological activities of
the APIs (Thayyil et al., 2020). Several studies have revealed
correlations between coformer solubility and cocrystal solu-
bility. Thus, coformers may be selected based on solubility
and the cocrystals likely possess complementary functional
groups. This is the basis of applied approaches to selecting co-
formers using hydrogen (H) bonding propensity; performing
thermal analysis; measuring saturation temperature; calculat-
ing lattice energy; using the Hansen solubility parameter; and
performing synthon matching. Moreover, the type of MCCis
formed can be approximated by calculating the difference in
pKa values of an API and a coformer; this process is referred to
pKa-based modeling. Furthermore, computational methods,
such as determining supramolecular compatibility using the
Cambridge Structure Database; screening of virtual cocrys-
tals based on molecular electrostatic potential surfaces; and
using the conductor-like screening model for real solvents, has
also been used to select appropriate coformers for MCCs (Ku-
mar, 2018; Sathisaran and Dalvi, 2017). In addition, lattice
energies or {ree energy requirements for solubilization also in-
fluence the dissolution of the solid phase (Sathisaran and Dalvi,
2017). Nevertheless, physicochemical properties of cocrys-
tal formation may depend on the method, solvent, ratio, and
other factors that are not explained by the sharing of comple-
mentary functional groups between the API and the coformer.
This unpredictable outcome is one of the greatest challenges
when using the crystal engineering approach. Therefore, many
experiments have focused on the preparation of MCCs from
specific APIs.

Generally, preparation of MCCs can be classified into two
methods, as shown in Figure 2, that are described in detail in
this section. Once the MCC is formed, it is characterized with
Fourier transformation infrared (FT-IR) spectroscopy, Fourier
transformation Raman (FT-Raman) spectroscopy, single-crys-
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tal X-ray diffraction (SCXRD), powder X-ray diffraction (PX-
RD), solid-state nuclear magnetic resonance spectroscopy, scan-
ning electron microscopy (SEM), hot stage microscopy (HSM),
thermogravimetric analysis (including differential scanning
calorimetry [DSC] and differential thermal analysis [DTA]),
analysis of complexation stoichiometry (CS) and electrostatic
charge (EC), computations, and other related process to con-

firm the formation of MCCs.

i Solvent evaporation |

Spray drying Dry grinding

Slurrying Wet grinding

{ Crystallization reaction | Hot melt excrusion |

i Supercritical fluid | Sono-crystallization |

Anti-solvent

Figure 2. Category of Multicomponent Crystal Preparation
Methods

2.1 Solution-Based MCC Preparation Methods

The most commonly used technique for preparing phytochem-
ical MCCs using the solution-based method is solvent evap-
oration (Katherine et al., 2018; Setyawan et al., 2018; Zaini
et al., 2020b), in which the API and coformer are dissolved
with a suitable solvent and the solvent is then allowed to evapo-
rate slowly at room temperature (Kumar, 2018). The second
technique is spray drying, which is carried out by spraying a
dissolved mixture of an API and a coformer into a hot stream;
the solvent thus evaporates and MCCs form. This method
was successful in producing MCCs of theophylline with citric
acid, flufenamic acid, and saccharin (Hadi, 2015). Another
technique used in the successful production of cocrystals of
PIP with succinic acid is slurrying (Zaini et al., 2020b): the
API and a suitable coformer are stirred together while a solvent
is added to form a slurry, and the solvent is then decanted at
room temperature to obtain dry crystals (Kumar, 2018). In the
crystallization reaction method, an API that has been purified
with organic solvents is added to small quantities (that do not ex-
ceed the solubility limit) of a coformer; pure cocrystals will be
the precipitate in the solution (Kumar, 2018). In the supercrit-
ical fluid processing method, MCCs are formed by dissolving
APIs and coformers with a high-pressure supercritical fluid (for
example, the commonly used COg) in a stainless steel vessel
(Thayyil et al., 2020). This was applied in producing CUR
cocrystals using resveratrol as a coformer (Dal Magro et al.,
2021). In addition, the antisolvent cocrystallization method
uses an organic solvent or buffer as an antisolvent to dissolve
coformers that will disperse with the APIs and other substances
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dissolved in the antisolvent. This achieves supersaturation
and the formation of MCCs, such as that seen with CUR and
dextrose cocrystals (Katherine et al., 2018; Raza et al., 2018;
Sathisaran and Dalvi, 2017).

2.2 Solid-Based MCC Preparation Methods

The first method in solid-based is dry grinding, also known as
mechanochemical grinding, which is conducted by crushing
APIs and coformers together using a mortar and pestle or a
grinder with addition of heat energy (Thayyil et al., 2020).
This method was used in the successful production of MCCs of
PIP with B-cyclodextrin (Quilaqueo et al., 2019). Wet grind-
ing (also known as liquid-assisted grinding) is a similar tech-
nique, but it requires an addition of small quantities of solvent
that act as a catalyst in the formation of MCCis (Gadade and
Pekamwar, 2016). This is commonly used in producing MCCs
of phytochemicals, such as cocrystals of QUE with succinic
acid (Athiyah et al., 2019). Another method is the hot melt
extrusion method, in which MCCs are formed by inducing
heat during the mixing of the APIs and coformers, replacing
solvents in the role of decreasing surface tension, until the API
and coformer form a liquid state (Boksa et al., 2014; Gajda
et al., 2019; Savjani, 2015). The last method is sonocrystalliza-
tion, which was used in the successful production of cocrystals
of MYR with proline (Liu et al., 2016a). Sonocrystallization is
conducted by dissolving an API and coformer in a specific sol-
vent, sonicating the solution with a sonoreactor, and leaving the
solution overnight to form dry crystals (Karagianni et al., 2018;
Kumar, 2018). Therefore, compared to solution-based meth-
ods, solid-based methods use relatively small amounts of or
no solvent, which could minimize the probability of forming a
solvate and increase the solubility by decreasing the crystallinity
of the MCCs.

3. IMPACT OF MULTICOMPONENT CRYSTAL IN
PHYSICOCHEMICAL PROPERTIES

MCCs primarily affect solubility and dissolution rate in the
modification of physicochemical properties of APIs. Neverthe-
less, MCCs are also reported to improve the stability, perme-
ability, compressibility, and palatability of certain APIs, prop-
erties that are correlated with increases in drug biovailability
and therapeutic activity.

3.1 Solubility and Dissolution Rate

The solubility and dissolution rate are the most important
physicochemical properties because the bioavailability of Bio-
pharmaceutics Classification System (BCS) class I and IV APIs
depends on these parameters. In general, solubility is defined
as concentration of solute in a saturated solution at a certain
temperature and pressure. This phenomenon involves lattice
energy and solute-solvent interactions. MCCs have the effect of
lowering lattice energy and solution energy, thereby decreasing
the free energy of solution and improving the solubility. When
the drug absorption process is limited by dissolution, enhanc-
ing solubility can increase dissolution rate and thus improve
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bioavailability (Roy et al., 2012). The dissolution rate denotes
the ability of a drug to dissolve at a certain time and achieve
a therapeutic dose. This relates to solubility by the Nernst-
Brunner or Noyes-Whitney equation as shown in Equation 1,
which is:

dM  D.A4

I = T(CS—Ct) (1)
where dM/dt is dissolution rate, D is diffusion coeflicient, A is
solid surface area, h is thickness of diffusion layer, Cs and Ct
are concentration of drug in solution at equilibrium and time t
(Hadi, 2015).

Various approaches have been employed to improve the
solubility of APIs, but no methods simultaneously improve the
aqueous solubility and permeability of APIs without changing
the APIs molecular structure (Yan et al., 2013) and affect its
pharmacological active sites. Creation of MCCs is a relatively
novel approach reported to enhance a material’s solubility, as
well as its dissolution rate (Nascimento et al., 2021; Yang et al.,
2020), through improving its physicochemical properties with-
out altering its pharmacological activity.

3.2 Stability

To enhance the bioavailability of APIs, one problem that the
use of MCCs could address is improving the stability of cer-
tain APIs. Stability studies are utilized to obtain information
regarding the shelf life of medicinal products through testing
the products under various storage conditions. Environmental
factors included as the variables in stability studies are temper-
ature, humidity, and light at certain time intervals. Various
studies have indicated promising results in stability studies of
phytochemical MCCs. Yang et al. (2020) reported the stability
of berberine cocrystals with fumaric acid detected with pres-
sure measurement and the dynamic vapor sorption method and
found that increasing solubility is associated with the stability
of berberine in high temperature and humidity conditions.

3.3 Permeability

Another key physicochemical property to consider in drug de-
velopment is permeability. The permeability of an APl is an
important factor that can seriously influence its bioavailabil-
ity, particulary for BCS class 11 & IV compounds. However,
several studies have reported potential enhancement of drug
permeability through the formation of MCCs. For instance,
a study using acyclovir as an API with poor permeability and
an inability to penetrate the skin demonstrated that in vitro
skin permeation was enhanced via the formation of cocrystals
using fumaric acid and glutaric acid as coformers (Yan et al.,
2018). Enhancement of permeability is related to higher log P
values and lower melting points, which could be achieved by

the formation of MCCs.
3.4 Compressibility & Palatability

Good compressibility of a dosage form is needed to encourage
drug development in industrial pharmacy. Optimization of
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particle size and density generally leads to a corresponding im-
provement in compressibility (Yusof et al., 2015). In a study by
Sun et al. (2019) the formulation of caffeine (CAF) and methyl
gallate in a cocrystal form provides increased compressibility to
CAF tablets. This finding was supported by a tensile strength
study showing that the CAF-methyl gallate cocrystal tablet has
a tensile strength two times higher than the single CAF com-
pound (Al-Dulaimi et al., 2022). Moreover, palatability or
taste-masking of oral preparations are additional properties
modified through the addition of specific coformers. Artificial
sweeterners like saccharin have been widely used as coformers
in cocyrstallization. The coformer acts as a mask for the bitter
taste of the API, in addition to the effect of cocrystallization
itself. Maeno et al. (2014) reported research on the formation
of a cocrystal of paracetamol with trimethylglycine that success-
fully masked the taste of paracetamol in addition to increasing
compressibility and tabletability and improving the dissolution
profile. Therefore, cocrystal are used to enhance the bioavail -
ability and clinical used of phytochemicals as pharmaceuticals
and nutraceuticals.

4. MULTICOMPONENT CRYSAL OF PHYTOCHEM-
ICALS

In our previous studies, cocrystal of the phytochemical PIP
modified with various coformers and preparation methods ex-
hibited improved physicochemical properties (Jessica et al.,
2021; Salsabila et al., 2021; Zaini et al., 2020a; Zaini et al.,
2020b). In other reported studies, MCCs of QUE, GEN, and
MYR also exhibited significant improvement in physicochemi-
cal properties over other flavonoids (Sowa et al., 2013b; Wu
et al., 2020; Zhang et al., 2017b). Moreover, CUR is widely
used in experimental studies of MCC, although tertiary liter-
ature that reviews it comprehensively is lacking. Therefore,
among all the nonpolar, semipolar, and polar phytochemical
compounds used to formulate MCCs, PIP, CUR, GEN, QUE,
and MYR were the APIs selected for further review, which are
shown in Figure 3.

a) b) )
~ e Y Ve W Ve N
o d N
d) e)

Figure 3. Chemical Structure of (a) Piperine (PIP), (b) Quercetin
(QUE), (¢) Genistein (GEN), (d) Myricetin (MYR), and (e)
Curcumin (CUR)
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4.1 Nonpolar Compounds

4.1.1 Piperine (PIP)

PIP is an alkaloid present as the main compound in black pep-
per (Piper nigrum) and long pepper (Piper longum) in family of
Piperaceae (Gorgani et al., 2017; Ren et al., 2019; Stasilowicz
et al., 2021). PIP is not only used as a cooking spice; it also
has potential therapeutic effects, such as anti-inflammatory
(Bhalekar et al., 2017; Toyoda et al., 2016; Zhai et al., 2016),
antioxidant, antibacterial (Zarai et al., 2013), anticancer (Gajda
etal., 2019; Ouyang et al., 2013; Yaffe et al., 2015), anticonvul-
sant (Da Cruz et al., 2018), antidepressant (Mao et al., 2014),
antidiabetic (Kharbanda et al., 2016), and antiepileptic (Chen
et al., 2013a) effects, in various disease states. These thera-
peutic potentials of PIP have not been fully utilized because
of its low solubility in water (40 ug/mlL, 18°C) and toxicity at
high concentrations (Pachauri et al., 2015). The low bioavail-
ability of PIP is also affected by the rate of dissolution, which
becomes rate-limiting step for the solubility for compounds
poorly soluble in water (Zaini et al., 2020a) . Several approaches
to enhance the solubility and dissolution rate of PIP, such as
nanoparticles (Bhalekar et al., 2017), solid dispersions (Then-
mozhi and Yoo, 2017), inclusion complexes (Stasilowicz et al.,
2021), and MCCs (Zaini et al., 2020b), have been tested. In the
application of crystal engineering, MCCs are considered to pro-
vide the most optimal results in enhancing the physicochemical
properties of PIP, as seen in Table 1.

As reported by Zaini et al. (2020a) MCCs of PIP with
succinic acid (SA) in 2:1 molar ratio were successfully created
using the slurry method (Zaini et al., 2020a). SA was selected
as the coformer because of its two carboxylic acid (-COOH)
groups that are likely donate protons to one carbonyl (-C=0)
group in PIP to form cocrystals (Figure 4). The cocrystal of
PIP-SA was nearly four times more soluble than intact PIP
(11.71 pg/mL vs. 2.98 pg/mL) in COg-free distilled water.
This was caused by a lower melting point and channel motif
formation in the crystal structure of PIP-SA. The stability
of the PIP-SA cocrystal was also confirmed, as indicated by
the absence of changes between the time before and after the
PXRD diffractogram. Moreover, the dissolution rate of PIP-SA
was higher: where 99.007% of PIP-SA dissolved, compared with
intact PIP and the physical mixture (PM), of which only 42.30%
and 62.22%, respectively, dissolved (Zaini et al., 2020b).

In another study by Zaini et al. (2020b) saccharine (SAC)
was also reported as successful in the formation of salt with
PIP in a 1:1 molar ratio using the solvent evaporation method.
SAC was selected as the coformer in this case because of the
presence of amine (N-H) and sulfide (S=O) functional groups
that would act as H-bond donors to C=0O and C-H groups in
PIP to form N-H.O=C and C-H.O=S bonds. In this study, the
PIP-SAC salt was nearly two times more soluble than intact PIP
in acetonitrile:water (90:10). This enhancement was explained
by the higher solvation of the salt type in water that would
easily dissociate into anion and cation (Zaini et al., 2020b).

In addition, the use of cyclodextrin (CD) as a coformer has
been extensively studied. The study by Stasilowicz et al. (2021)
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Figure 4. Intermolecular Reaction of PIP-SA (a) and PIP-g3-
CD (b). Reprinted with Permission of Ref (Ezawa et al., 2016;
Zaini et al., 2020a) As Open Access Articles

reported the possibility of intermolecular PIP and hydroxypro-
pyl-B8-CD (HP-B-CD) interactions through PIP adhesion on
the surface of CD . In a study by Ezawa et al. (2016) it was also
suggested that intermolecular interaction occur between PIP
and B-CD inclusion complexes in 1:1 and 1:2 molar ratios (Fig-
ure 4). Therefore, dissolution profile of inclusion complexes
of PIP-B-CD (1:1) was dramatically enhanced in distilled wa-
ter. There was no change in concentration in intact PIP and
ground PIP (grinded intact PIP), albeit there was increasing sur-
face area of ground PIP (Iizawa et al., 2016). Compared with
PM, a higher percentage of PIP-HP-8-CD (6.82 vs. 7.82%)
inclusion complexes was shown to be dissolved, whereas it
was doubled compared with intact PIP (4.85%). Furthermore,
PIP-HP-B-CD also proved to enhance PIP permeability in
the parallel artificial membrane permeability assay model: the
P,y value increased 1.86-fold (meaning, highly permeable)
in gastrointestinal transite and 2-fold (meaning, moderately
permeable) in the blood-brain barrier (Stasilowicz et al., 2021).

4.1.2 Curcumin (CUR)
CUR is a polyphenolic compound extracted from turmeric
(Curcuma longa) rhizomes and is widely used as a natural food
coloring (Jiger et al., 2014). CUR has potential as anticancer
(Jiao et al., 2016; Seo et al., 2016), antioxidant (Malik et al.,
2014), anti-inflammatory (Ribas et al., 2019), antimicrobial
(Balan et al., 2016), hepatoprotector (Salama et al., 2013), anti-
Alzheimer’s (Rao et al., 2012), and gastrointestinal protective
agents (Thong-Ngam et al., 2012). However, limited clinical
use of CUR relates to difficulties in its formulation because of its
low solubility and bioavailability in aqueous media (0.6 ug/mL)
(Katherine et al., 2018). Several approaches have also been
pursued to increase CUR bioactivity, such as lipophilic matrices
(Jiger et al., 2014), liposomes (Hasan et al., 2014), nanoparti-
cles (Pandit et al., 2015; Quifones et al., 2018), nanocapsules
(Alippilakkotte and Sreejith, 2018; Pan et al., 2013), biona-
noemulsions (Malik et al., 2014), and MCCs (Dal Magro et al.,
2021; Katherine et al., 2018; Pang et al., 2019; Pantwalawalkar
et al., 2021; Rathi et al., 2019; Ribas et al., 2019; Sathisaran
and Dalvi, 2017). MCCs of CUR have been studied widely in
the crystal engineering approach, as shown in Table 1.

MCCs of CUR have been produced conventionally with
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Table 1. The inference of phytochemicals PIP, QUE, CUR, GEN, and MYR multicomponent crystals with various coformers
including SA, SAC, HP-3-CD, g-CD, NM, MA, BYP, AA, DX, RSV, CA, CAF, INM, PRL, and PRC

API  Co-former Ratio

Type

Method

Characterizations

Advances Ref

PIP SA 2:1

PIP SAC 1:1

PIP  HP-p-CD 1:1

PIP B-CD 1:2

Co-crystal

Salt

Inclusion
complex

Inclusion
complex

Slurry

Solvent
evaporation

Kneading

Cogrinding
process

e PXRD: distinct and unique
pattern of 26 at eight values
e DSC: lower melting point
than raw PIP at 110.49°C
e FR-IR S: new peaks at
2,963 and 2,600 cm™!
e SCXRD: neutral form of
cocrystal that represented by the
distance between C=0 and C-OH
of SA

e SEM: polyhedral shape,
while PIP and SAC shows rod
and depicts irregular crystal
. PXRD: unique new
peaks 260 at four values
e DSC: two endotherm peaks
at 110.56°C (as dehydration
process) and 197.09°C (as crys-
talline phase) melting point
e FT-IR: stronger and broader
changes band that estimated
because of interaction between
N-H.O=C and C-H.O=S

. PXRD: superim-
posed diffraction patterns
. DSC: lower melting
point at 128.5°C while en-
thalpy higher than raw PIP
e FT-IR: similarity presence
peak at 8,400 cm~! (for PIP-
HP-B-CD) suggested as H-bond
e IBC-NMR: virtually indistin-
guishable and mixing spectra of

PIP and HP-B-CD

e DSC: ground mixture
(GM) of PIP-B-CD 1:1 and
1:2  disappearing PIP  melt-
ing point in their curves
e PXRD: halo patterns in
GM 1:1 & 1:2 which con-
firmed amorphous state
e CS: max. absorbance of
PIP/ PIP + HP-B-CD in 0.5-
mole fraction by Job’s plot
e  FT-Raman: broaden
and  shifted to lower fre-
quencies scattering peaks
e SEM: rougher surface and
agglomeration of GMs dif-
fered from raw PIP & B-CD
e 'H-TH NOESY NMR: pre-
sented PIP protons at benzene
& ester groups interacted with
protons of B-CD cavity

Greater solubility, faster
dissolution rate than intact
PIP in COg-free distilled
water, and passed stabil-
ity test (under 40°C with
%RH 75 & 100)

(Zaini et al., 2020Db)

Enhancement in dissolu-
tion rate almost two times  (Zaini et al., 2020a)
more than intact PIP

Improvement of solu-

bility and dissolution

rate (doubled than intact  (Stasilowicz et al.,
PIP), higher permeability ~ 2021)

through GIT & BBB

membrane

Solubility and dissolution
rate of PIP in water
enhanced dramatically,
while there were no
changes involved to
increased of surface area

(Ezawa et al., 2016)

© 2022 The Authors.
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APl Co-former  Ratio Type Method Characterizations Advances Ref
e DSC: endotherm peak of
0.5-, 0.6-, and 0.65-mole e
0.5-, at  186.49,  183.03-187.10, Er[‘}}j“icsddii(l’ill‘]‘z‘;“‘ymi
0.55-, and 185.78-188.82°C p )
. : . (576-fold), buffer pH 1.2 T
0.6-, Solvent o PXRD: disappearing characteris- . . (Pantwalawalkar et al.,
CUR AA Co-crystal . . g (10-fold), and buffer pH |,
and evaporation  tic peaks of CUR & AA, exhibiting 2021)
N ) . . 6.8 (9-fold) that lead to
0.65- new reflections, and addition of K R .
L . superior CUR dissolution
mole characeristic feature in background ompared with pure CUR
o FT-IR: slightly shifted peak to ~ COmPared withpure &
lower wavenumber
o SEM: 2 shapes which long flakes
(length 10-20 pm, width 2.5 gm),
and round with some aggregates  Cocrystallization more ef-
(CUR  distributed  unevenly) ficient at low concentra-
e FT-IR: comparable size & tion of CUR, increased (Katherine et al
CUR DX - Co-crystal Anti-solvent  width as DX peak, slightly solubility (up to 23,000 atherme et dls
o . 2018)
shifted to the lower wavenumber — pg/mL) in water, and
e DSC: melting point at 159.4°C more stable in pH range
which slightly shifted to lower  1-7 than pure CUR
temperature compared with CUR
& DX
e DSC: single endotherm peak at
170.4°C, which lower than CUR  Higher solubility than
& RSV at 174.3°C & 277.3°C pure CUR & RSV in
Super- e PXRD: some characteristic  water, PBS, and 0.1M
. ) N critical peaks of CUR & RSV dis- HCI Reached 1.27% and  (Dal Magro et al.,
CUR RSV 11 Co-crystal solvent appeared, reduced intensity, 41.89% of CURand RSV ~ 2021)
(CSS) and widening diffraction peaks CD, which 2.28 and 2
o FT-IR, cocrystal spectra showed  times higher than pure
strecthing of bands corresponding ~ CUR & RSV
to O-H and C=C aromatic
e DSC: endotherm peak of
cocrystal melting point at 123°C
e PXRD: new and major char-
acteristic peaks at five 20 values
e EC: formation of H-bond
0.3- Solvent between C=O (EC = -0.889) Sl(())(l::)ll‘filtlf())rfnvlve}lcilzt()ol(‘?):
CUR CA '(1 Co-crystal " v t" of CA with phenolic of CUR d 033_ ’1 f4 ’ \d (Rathi et al., 2019)
mole CVaporation o ETIR: involvement of -COOH 1@ -oo7mole forme
. . eutectics
group in H-bond formation be-
cause of conjugation of C=0 group
e SEM: distorted oval morphology
(b0 um) and slightly porous
nature
e FR-Raman: shifted  vi-
brational  bands as  com-
pared with starting materials
o PXRD: a set of new reflections as
Solvent- compared with starrm.g mat,.crlals More soluble than in-
e SCXRD: asymetric unit of .
drop . 1 e o y tact GEN determined by
rinding cocrystal - comprises 1 GEN the higher Smax reached
GEN CAF 1:1 Co-crystal 8 ? and 1 CAF molecule in neu- . ) e (Sowa et al., 2014b)
solvent tral forms exhibited 1 H-bond 0.861 compared with 588
evaporation, (H,-Og), 2 weaker (Hgq-O- ,ug/r.nL, also thermody-
slurry and Hg-Og) contacts between namically stable
GEN & CAF, and intramolecular
H-bond (Hj3-O4) of GEN
e TG-DTA: stability of
cocrysalline phase up to 247°C
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API

Co-former

Ratio Type Method

Characterizations

Advances Ref

SEN

GEN

GEN

QUE

Solvent

BYP 1:1 .
evaporation

Co-crystal

Solvent
evaporation

NM 1:1 Co-crystal

Solvent

1INM 1:2 .
evaporation

Co-crystal

Grinding
liquid-
assisted

SA 1:1 Co-crystal

e SCXRD: asymmetric unit
comprises 1 GEN molecule &
1 BYP molecule in their neu-
tral forms formed by strong
intramolecular H-bond in GEN
molecule, two intermolecular
H-bonds (H-N) between GEN
& BYP, and interchain H-bonds
(H-O) between GEN molecules
o TG-DTA: stability of cocrys-
talline phase up to 270°C
e DSC: sharp & narrow en-
dotherm peak at 273.9°C, which
is lower than GEN (309°C),
albeit higher than BYP (114°C)
e PXRD: closesly match with its
simulation measured patterns
e IR: changed of positions, in-
tensities, and shapes of bands at
400-4000 cm™!

e PXRD: conversion into a
cocrystalline  phase  pattern
e SCXRD: asymmetric unit
contains of one GEN, one NM,
and one water molecule formed
a  three-component  molecu-
lar assembly via H-bonding
e F'T-Raman: stretching vibrations
of C=0O groups,
neous change in positions and
shapes of -OH groups bands
e TG-DTA & DSC: broadened
exotherm of DSC (at 89.8°C),
dehydration  gradually  over
80-115°C, and decomposition
subsequent to dehydration

and simulta-

e CSA: GEN contains three po-
tential sites with H-bonding donor
e Computations: Hirshfeld sur-
face presented 2D OH-O, NH-O,
and OH-N hydrogen-bonded lay-
ers that combined by multidirec-
tional -7 interactions to form 3D
lattice

e HSM: distinctive crystal habit
from QUE and SA in mix-
ing zone of photomicrographs
e DTA: three endotherm peaks
that similar with QUE and
SA, with addition of new one
at 280.32°C as a broad peak
e PXRD: new peaks at six values of
26 that differed from QUE & SA
e FT-IR: shifted band at -
OH group region to 3,411
em™,  decreased intensity of
-OH region (observed as in-
creased transmittance to 26%)
e SEM: crystal habit of SA covered
smaller crystals with different habit

More soluble than intact
GEN determined by the
higher Smax reached at
23.44 compared with
15.71 pg/mL after 180
min compared with 240
min. Moreover, showed
antibacterial activity
against Staphylococcus
aureus and Escherichia coli

(Zhang et al., 2017b)

Successed application of
pyridinecarboxamide co-
formers in cocrystalliza-
tion

(Sowa et al., 2013b)

[lustrates the differences
of two molecules of INM
environments by analysis
of Hirshfeld surfaces and
various types of contact
contributed

(Sowa et al., 2013a)

Improved solubility (1.67
times higher) and disso-
lution rate (1.25 times
higher) than pure QUE in
citrate buffer (pH 5)

(Athiyah et al., 2019)

© 2022 The Authors.
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API

Co-former

Ratio

Type

Method

Characterizations

Advances Ref

QUE

QUE

QUE

MYR

MYR

NM

MA

BYP

PRL

BYP.H,0O

1:2

1:2

1:2

1:2

Co-crystal

Co-crystal

Co-crystal

Co-crystal

Co-crystal

Solvent
evaporation

Solvent
evaporation

Solvent
evaporation

Sonocrystal-
lization

Solvent
evaporation

e PXRD: unique patterns com-
pared with pure QUE & NM
e DSC: endothem peaks as
cocrystalline  melting  point
at  231.77°C  and 195.1°C
e FT-IR: shifted spectra in O-H
(8,560-3,230), C=0O (1,690-
1,630), and N-H (38,520-3,350)
vibrations of QUE-NM (1:1), as
well as 1:2

e DTA: new endotherm peak at
277.9°C, presences of dehydration
peak, decomposition of MA, and
melting points of MA & QUE
e PXRD: new diffraction
peaks at three 26 values
e SEM: similar crystal shape
as MA, covered with QUE
crystal in uniform size
e FT-IR: slighdy shifted IR
band of -OH to 8,418 cm™!,
and some differences with PM in
C-0O-C and aromatic group bands

e SCXRD: asymmetric unit linked
two molecules of QUE with two
BYP through IV Rj synthon
(formed tetramer), tertramer
further linked by interdimer
H-bond (formed 2D layer), and
2D layers held by H-bonds & -7
stacking (formed 3D structure)
e PXRD: different pattern
from QUE & BYP dehydrate
o 'H-NMR & '3C-NMR: con-
firmed the identity, purity, and
BYP stoichiometric ratio

. TH-NMR: characteristic
peaks area of MYR and PRL
e DSC: single endotherm
peak at  238.53°C  which
lower than pure MYR
e FT-IR: appeared bands at
2,948, 1596, and 1,571 cm™!
which indicated as intermolec-
ular H-bond from O-H and
C=0 groups of MYR with -
COOH and -NH- groups of PRL
e PXRD: new characteristic inter-
ference peaks at eight 20 values
e SEM: spherical particles (10 ym,
which are smaller than MYR) with
smooth surfaces

e SCXRD: asymmetric unit linked
two molecules of MYR with 2
molecules of HyO by VII Rg syn-
thon (formed tetramer), tertramer
interconnected by three molecules
of BYP (formed 2D layer), and
2D layers held by H-bonds & 7-7
stacking (formed 3D structure)
e PXRD: different pattern
from MYR & BYP dehydrate
e l=NMR & !'3C-NMR: con-
firmed the identity, purity, and
BYP stoichiometric ratio

Faster dissolution rate,
supersaturated dissolution
curve (higher solubil-
ity) and improved oral
bioavailability compared
with pure QUE

(Wu et al., 2020)

Increased dissolution
rate and %dissolution  (Setyawan et al.,
efficiency compared with ~ 2018)

pure QUE and PM

Efficacy of antibacterial in-
hibitory activity against
Staphylococcus aureus and
Escherichia coli

(Zhang et al., 2017a)

Increased solubility and
dissolution rate which
7.69 higher than coarse
MYR in 40 min; also
occurrence of “spring and
parachute” phenomenon

(Liu et al., 2016b)

Efficacy of antibacterial in-
hibitory activity against S.  (Zhang et al., 2017a)
aureus and E. coli

© 2022 The Authors.
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API Co-former  Ratio Method

Type

Characterizations

Advances

Ref

Solvent
evaporation,
solvent-
drop
grinding

MYR PRC 1:1 Co-crystal

e SCXRD: orthorhombic sys-
tem comprises neutral forms of
heterodimer molecular assem-
bled via H-bonds at Hj5-O74
and Hy41-Og.  Heterodimers
extended through H-O contacts
into ribbons and interconnected
with H-bonds (formed 2D), then
PRC molecules interconnected by
stacked manner and MYR linked to
PRC by H-bonding (formed 3D)
e FT-Raman: shifted into
&  higher frequencies
of  vibrational ~ bands  cor-
responding to OH  groups
e TG-DTA & DSC: sin-
gle and sharp endotherm
peak at 204.92°C, also con-
firmed unsolvated form
e 'H-NMR: confirmed identity,
purity, and PRC stoichiometric

lower

Successful of MYR-PRC
cocrystal using solvent-
drop grinding method

(Sowa et al., 2014a)

ratio

Abbreviations: AA, ascorbic acid; 8-CD, g-cyclodextrin; BBB, blood brain barrier; BYP, 4,4’-bipyridine; CA, cinnamic acid; CAF, caffeine; CD, cumulative
dissolution; COOH, carboxylic acid; CS, complexation stoichiometry; CUR, curcumin; DSC, differential scanning calorimetry; DTA, differential thermal
analysis; DX, dextrose; EC, electrostatic charge: FT-IR, Fourier transformation infrared; FT-Raman, Fourier transformation Raman; GEN, genistein; GIT,
gastrointestinal tract; HP-B-CD, hydroxypropyl- 8 -cyclodextriny HSM, hot stage microscopy; INM, isonicotinamide; MA, malonic acid; MYR, myricetiny NM,
nicotinamide; NMR, nuclear magnetic resonance; PIP, piperine; PM, physical mixture; PRC, piracetam; PRL, proline; PXRD, powder X-ray diffraction; QUE,
quercetin; RSV, resveratrol; SA, succinic acid; SAC, saccharine; SCXRD, single-crystal X-ray diffraction; SEM, scanning electron microscopy; Smax, maximum

solubility; TG, thermogravimetry.

solvent evaporation or wet grinding methods (Pantwalawalkar
et al., 2021). formulated CUR with ascorbic acid (AA) cocrys-
tals using the solvent evaporation technique in 0.50-, 0.55-,
0.60-, and 0.65-mole fractions. AA was selected because of the
presence of H-bonds between phenolic groups (-OH) in CUR
and acidic hydrogens (-H) in AA. Based on the in-silico stud-
ies, AA has a high probability of cocrystallization, has sufficient
structural similarity, exhibits synergistic biological activity, and
presented van der Waal and hydrophobic interactions with
CUR. The evaluation of the saturation solubility of CUR-AA
indicated that the cocrystals were more soluble than CUR in
distilled water (576-fold), buffer pH 1.2 (10-fold), and buffer
pH 6.8 (9-fold), which was attributed to stronger molecular in-
teractions, and consistently exhibited better solubility because
of independent polymorphic transformations. The dissolution
study of CUR-AA cocrystals revealed superior CUR dissolu-
tion compared with pure CUR and PM in the same medium
as the solubility test (Pantwalawalkar et al., 2021).

In other research, Katherine et al. (2018) prepared CUR
with dextrose (DX) cocrystals using the solvent evaporation
method. Besides being proposed as GRAS and a widely avail-
able coformer, DX (or D-glucose) has five hydroxyl (-OH)
groups as potential H-bonding sites. This H-bonding was sug-
gested to prevent instability of CUR by stabilizing the lone
pair electrons of oxygen in the g-diketone linker. Among
all the considerations, the CUR-AA and CUR-DX crystalliza-

tion phase was confirmed by related characterizations. Based

© 2022 The Authors.

on CUR content study, CUR-DX cocrystals showed slow and
steady increases (from 0.18% to 0.29%) as the initial CUR con-
centration (from 0.2% to 1%), indicated that cocrystallization
process was more efficient at a low concentration. This was
strengthened by cocrystal solubility that increased to > 23,000
ug/mL (from 0.2% CUR concentration) that was hypothesized
to be due to H-bonding between hydroxyl groups (from DX)
with either carbonyl or phenolic groups (from CUR). Further-
more, in stability studies, CUR-DX was more stable in the pH
range of 1-7 and presented a 33% decrease in absorbance at
pH >7 (Katherine et al., 2018).

CUR cocrystals with resveratrol (RSV) in a 1:1 molar ratio
were developed by Dal Magro et al. (2021) using cocrystal-
lization with the supercritical solvent (CSS) technique. The
selection of RSV and the formation of drug-drug cocrystals in
this study were suggested to have a synergistic clinical effect
with the enhancement of drug solubility through decreased
lattice energy and improved aflinity with the solvent. In addi-
tion, fast kinetics were reportedly because of ability of CSS to
form cocrystals rapidly in a single step with less organic sol-
vent used, which could reduce photodegradation of CUR and
RSV. The lower lattice energy of cocrystals confirmed by DSC
thermogram and PXRD diffractogram indicated that a weaker
crystalline structure was formed with decreased particle size.
Based on the solubility analysis, CUR-RSV cocrystals showed
higher solubility of CUR and RSV in water, PBS (phosphate
buffer solution), and 0.1 M HCI medium. The inference of
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solubility and dissolution profile enhancement is influenced
by reduction of solids interaction, weaker crystalline structure,
smaller particle size, and higher coformer solubility (Dal Magro
etal., 2021).

Furthermore, Rathi et al. (2019) developed cocrystal of
CUR with cinnamic acid (CA) that formed in 0.8-mole frac-
tion using solvent evaporation method. In this study, eutectics
are formed in 0.15- and 0.33-mole fraction. This was con-
firmed with various characterizations that conclude as CUR-CA
cocrystal formed by H-bond between carbonyl (C=0) of CA
with phenolic (-OH) of CUR involved ¢-¢ stacking interactions.
This answered the reason of selecting CA as coformer because
of its similarity chemical structure with one half of basic CUR
skeleton that suggested as potential H-bonds and molecular ag-
gregate formation within the cocrystal component. Other than
that, further studies to obtain a single crystal is necessary to
lead advances of dissolution and other physicochemical studies

of CUR-CA cocrystals (Rathi et al., 2019).

4.2 Semipolar Compounds

4.2.1 Genistein (GEN)

GEN is one of the most abundant isoflavonoids in soybeans,
alfalfa and clover sprouts, broccoli, cauliflower, sunflower, and
cumin (Jaiswal et al., 2019). GEN is also known has various
bioactivities, such as antimicrobial (Choi et al., 2018), anti-
cancer (Danciu et al., 2014), antioxidant (Braxas et al., 2019;
Javanbakht et al., 2014), antidiabetic (Demir et al., 2019), and
anti-inflammatory (Incir et al., 2016). However like other
flavonoids, GEN also has similar weakness belongs to BCS
class IT which has very low water solubility (0.81 ug/mL) with
high permeability (Sowa et al., 2014a), so pharmaceutical use
of GEN is relatively limited. Several techniques also have
been carried out to enhance GEN clinical use, including inclu-
sion complexes (Daruhdzi et al., 2013), hydrogel matrix (Chen
et al., 2018b), nano-formations (Aditya et al., 2018; Zhang
et al., 2018), eutectic crystals (Buddhiranon and Kyu, 2012),
and MCCs (Sowa et al., 2014b; Sowa et al., 20138b; Sowa et al.,
2018a; Zhang et al., 2017a). Various GEN cocrystals reported
by researchers which will be discussed (Table 1).

Currently, GEN-BYP cocrystals (1:1 molar ratio) are for-
mulated with the solvent evaporation method. BYP was se-
lected because of the presence of rigid linear structure with two
terminal N atoms as potential sites for H-bonds (H-N) toward
surface hydroxyls of GEN. The study confirmed the relation
between the possible number of intermolecular H-bonds and
stoichiometric ratio of cocrystals formed by the presence of
two intermolecular H-bonds at H7-N4 and H4-Ny4 between
GEN and BYP in cocrystals with 1:1 molar ratio (Figure 5).
GEN-BYP cocrystals which exhibited lower melting point than
GEN also formed a sheet via interchain H-bonds (H-O) be-
tween GEN molecules. The solubility study reveals cocrystals
were more soluble than intact GEN, which determined by the
higher maximum solubility (S,,,.) of cocrystals that reached
after 130 min (while the GEN in 240 min) at concentration of
23.44 vs. 15.71 ug/mL. The result strengthened by the test

© 2022 The Authors.
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of antibacterial activity which shows cocrystals more effective
against bacteria than intact GEN (Zhang et al., 2017b).

Figure 5. The intermolecular Reaction of GEN-CAF (a) and
GEN-BYP (b). Reprinted with Permission of Ref (Sowa et al.,
2014b; Zhang et al., 2017b). Copyright 2017 Elsevier B.V.
for GEN-BYP and Copyright 2014 Elsevier B.V. for
GEN-CAF

On the other hand, GEN cocrystals have been formulated
with several coformers including caffeine (CAF), nicotinamide
(NM), and isonicotinamide (INM) by (Sowa et al., 2014b; Sowa
etal., 2018a;Sowaetal., 2013b). CAF was selected based on the
chemical structure that contained 2 amide (-N-C=0) groups
that suggested it would form H-bonds with 2 hydroxyls (-OH)
groups of GEN (Figure 5). GEN-CAF (in 1:1 molar ratio) was
prepared in 8 methods, including solvent-drop grinding with
the addition of eight different solvents, solvent evaporation
with EtOH, and slurrying technique with MetOH. The co-
grinding GEN-CAF showed the occurrence of intermolecular
H-bonding and the formation of the crystalline phase. The
solubility study reveals that cocrystal was more soluble than
intact GEN which was determined by the higher maximum
solubility (S,,4.) of cocrystal reached 0.861 compared to 0.588
mg/mL. Cocrystal was also observed to be thermodynamically
stable by PXRD analysis. The result explained the correlation
of coformer solubilization and melting-point-solubility factors
that might increase the solubility of API (Sowa et al., 2014Db).

Previously, Sowa et al. (2018a) and Sowa et al. (2013b))
reported the analysis of GEN-INM cocrystallizations that build
upon GEN-NM cocrystal application. Besides being included
as GRAS and widely used for various carboxyl and hydroxyl-
derived APIs, pyridine-derived (NM and INM) coformers
were selected based on the recent study that stated H-Ny,,
heterosynthon could be the most competitive motif in crys-
tallizing of phenolic compounds with pyridine-derived co-
formers. GEN-NM (1:1 molar ratio) cocrystal was prepared
with solvent evaporation using EtOH-MetOH-HoO (45:45:10
v/v/v) method and generated GEN-NM monohydrate. The
water molecule plays an active role in generating 1-, 2-, 3-
dimensional networks to form a sheet of GEN-NM by building
H-bonds in OH-GEN and GEN-NM as inter-chains. The
intra-chain formed NM-GEN-OH-NM-GEN-OH via H-bo-
nding, and there were no homomolecular interactions observed.
This has happened to GEN-INM which exhibited inter-and
intra-chain by H-bonding without homomolecular interactions
between GEN molecules. Distinct in the preparation, GEN-
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INM (1:2 molar ratio) was prepared with solvent evaporation
using propane-2-ol. In these studies, the authors successfully
explained the application of pyridinecarboxamide coformers
in flavonoid (GEN) cocrystallization (Sowa et al., 2013a; Sowa
et al.,, 2013b). However, there was no evaluation process of
physicochemical properties, such as solubility or dissolution
studies, referring to advances in GEN bioavailability.

4.3 Polar Compounds

4.3.1 Quercetin (QUE)

QUE is a flavonoid in the flowers, leaves, and fruit of many
plants, including Sophora japonica, Dendranthema morifolium,
and Crataegus pinnatifida Bunge (Dian et al., 2014). QUE also
has a broad range of pharmacological activities, including an-
tidiabetic (Coballase-Urrutia et al., 2013; Lee et al., 2012;
Nguyen et al., 2015), antioxidant (Coballase-Urrutia et al.,
2013; Moretti et al., 2012), anti-inflammatory (Maciel et al.,
2013), antimicrobial (Andrés et al., 20138; Bozic et al., 2012),
cardioprotective (Larson et al., 2012), hepatoprotective (Ying
et al., 20138), anticancer (Martinez-Perez et al., 2014), and
antiviral (Nguyen et al., 2012) effects. However, the clinical
use of QUE is limited because of its extremely low solubil-
ity in water (0.3 ng/mL) (Setyawan et al., 2018), reducing its
bioavailability (Dian et al., 2014). In addition, QUE reportedly
has a very low oral absorption capacity (only 2%) and tends to
be susceptible to metabolic conjugation (Athiyah et al., 2019)
which might contribute to its low bioavailability. Several tech-
niques for improving the solubility and stability of QUE, such
as solid dispersions (Li et al., 2013; Setyawan et al., 2017),
film dispersions (Dian et al., 2014), microparticles (Silva et al.,
2018), nanoparticles (Lee et al., 2016; Pal et al., 2018), inclu-
sion complexes (Aytac et al., 2016), emulsions (Chen et al.,
2018), and MCCs (Athiyah et al., 2019; Setyawan et al., 2018).
MCCs of QUE have been studied in various designs which will
be discussed further (Table 1).

Cocrystals of QUE with SA were prepared in 1:1 molar
ratio using the grinding liquid-assisted method to observe the
enhancement of QUE solubility and dissolution rate (Athiyah
etal,, 2019). Apart from being classified as GRAS by the FDA,
SA has potential H-bonding sites which are expected to be H-
bond donors for two hydroxyls (-OH) groups in QUE with two
carboxylic acids (-COOH) groups of SA. The result from FT-
IR spectroscopy analysis strengthened the hydrogen bonding as
the intermolecular reaction between QUE and SA, however the
predicted structure does not consider H-bonding competition
among other functional groups (Figure 6). QUE-SA cocrystals
were formed incompletely and interaction only occurred at
the interface. The solubility test of QUE-SA cocrystals was
performed with spiked QUE standard solution, resulting in a
slightly increased QUE concentration of cocrystal formation
than QUE intact at 1.57+0.04 vs. 0.94%0.02 (x 10~* w/v). The
in vitro dissolution test also conducted based on the United
States Pharmacopeia monograph indicated a 1.25 higher dis-
solution rate than that of intact QUE (Athiyah et al., 2019).

In addition, cocrystals of QUE were formulated with 4,4’-

© 2022 The Authors.
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Figure 6. Intermolecular Reaction of QUE-SA (a) and
QUE-BYP (b). Reprinted with Permission of Ref (Athiyah
etal., 2019; Zhang et al., 2017a). Copyright 2016 Elsevier
B.V. for figure QUE-BYP

bipyridine (BYP) in a 1:2 molar ratio using the solvent evap-
oration method by (Zhang et al., 2017a). BYP was selected
as the most used and readily available coformer that exhib-
ited a rigid linear structure with terminal N atoms and a good
m-electron conjugated system. QUE-BYP cocrystal was suc-
cessfully formed and confirmed by various characterizations,
which shows tetramer as a new crystalline phase through IV Ri
synthon (Figure 6), then tetramer further linked by interdimer
H-bonds & n-7 stacking to form two- and three-dimensional
(2D and 3D) structures. The antimicrobial properties of QUE-
BYP cocrystals were evaluated. The cocrystal had inhibitory
activity against Staphylococcus aureus and Escherichia coli; how-
ever, this significant finding is not supported by any solubility or
dissolution studies related to the enhancement of physicochem-
ical properties (Zhang et al., 2017a). Furthermore, cocrystals
of QUE with nicotinamide (NM) in 1:1 and 1:2 molar ratios
were prepared by using the solvent evaporation method (Wu
et al,, 2020). NM has an amide group (HN-C=0) likely to
serve as donors in H-bond formation with QUE. Moreover,
Setyawan et al. (2018) described a cocrystal of QUE with mal-
onic acid (MA) in a 1:2 molar ratio that was prepared by the
solvent evaporation method. MA has two carboxylic acid (-
COOH) groups that are suggested to form H-bonds with two
hydroxyls (-OH) groups in QUE. The formation of QUE-NM
and QUE-MA cocrystals was confirmed with several characteri-
zations; the QUE-NM cocrystal (1:2) has a lower melting point
than the 1:1 cocrystal and an indication of weak intermolecular
reactions.

The in vitro dissolution test of QUE-NM was conducted in
a pure water medium. The test showed significantly rapid disso-
lution and a supersaturated dissolution curve (higher solubility)
of QUE-NM cocrystals. This plateaus at 4.5 pug/mlL, which is
three times higher than intact QUE after 6 hours. Moreover,
the study effectively reported higher concentrations of QUE
orally administered to rats, as shown in the in vivo pharmacoki-
netics study of QUE-NM (Wu et al., 2020). In addition, the
dissolution profile showed a significantly increased % dissolved
QUE in QUE-MA cocrystals that reached 95.30% vs. <65%
in intact QUE at 60 min. Moreover, the %DE (dissolution effi-
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ciency) of QUE-MA was 82.57+2.81%, which is higher than
64.46+0.93% in QUE (Setyawan et al., 2018).

4.3.2 Mpyricetin (MYR)

MYR is a flavonoid that was first identified in the Myricaceae
family in Comptonia peregrine (L.) Coult, and Morella cerifera
(L.). MYR has many clinical activities, including antioxidant
(Barzegar, 2016; Guitard et al., 2016; Guo et al., 2016), anti-
inflammatory (Sun et al., 2019), anticancer (Kim et al., 2014),
antimicrobial (Wu et al., 2018), antidiabetic (Chen et al., 2016;
Yang et al., 2019), immunomodulatory (Ghassemi-Rad et al.,
2018), antiviral (Yu et al., 2012), and neuroprotective (Ma
et al., 2015; Naldi et al., 2012; Ramezani et al., 2016; Ren
etal., 2018) effects. However, MYR has limited water solubility
(16.6 ug/mL) and low bioavailability, as seen in pre-clinical tri-
als (9.62%) caused the clinical use of MYR to be limited (Dang
et al., 2014; Sowa et al., 2014b). To maximize the potential of
MYR, several approaches have been tested, such as microemul-
sions (Guo et al., 2016), nanoemulsions (Qian et al., 2017),
micelles (Sun et al., 2019), inclusion complexes (IHan et al.,
2020), solid dispersions (Franklin and Myrdal, 2015), and the
most widely developed MCCs (Liu et al., 2016a; Liu et al.,
2016b; Sowa et al., 2014b; Zhai et al., 2016). Various cocrys-
tals of MYR were formulated to overcome its physicochemical
properties by crystal engineering (Table 1).

Cocrystals of MYR with proline (PRL) in 1:2 molar ra-
tio were formulated using the sonocrystallization method (Liu
et al., 2016b). The PRL was selected based on recent studies
of amino acids that have carboxylic acid groups and amino
acids that tend to form H-bonds with hydroxyl or carbonyl
groups in MYR. MYR-PRL cocrystals were formed by inter-
molecular H-bond between MYR and PRL with lower melting
points and smaller particle sizes that were confirmed by various
characterizations. MYR-PRL cocrystals had a higher solubility
and dissolution rate than coarse MYR, indicated by the peak
solubility of cocrystals was 7.25 pg/mlL (which is 7.69 higher)
in 40 min. Moreover, the “spring and parachute” phenomenon
was observed in the dissolution profile of MYR-PRL with the
supersaturation of MYR (Liu et al., 2016a).

Furthermore, BYP dehydrates are also used as a coformer in
formulating MYR-BYP-HgO cocrystals (1:1 molar ratio) using
the solvent evaporation method (Zhang et al., 2017a). MYR-
BYP cocrystals were successfully formed with the involvement
of HoO molecules and confirmed by various characterizations,
concluding as a new crystalline phase formed tetramer through
VII Rg synthon (Figure 7) and interconnected by H-bond
& m-7 stacking to form 3D structure. Conversely, Sowa et
al. compared cocrystals of MYR with piracetam (PRC) in
1:1 molar ratio using two different methods (solvent evapo-
ration and solvent-drop grinding) (Sowa et al., 2014a). The
MYR-PRC cocrystals successfully resulted in a heterodimer
that linked MYR and PRC by H-bonds, then formed 2D and
3D molecular structures by inter-ribbon interactions with H-
bonds without homomolecular interactions of PRC molecules
(Figure 7). The study concluded that solvent-drop grinding had
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Figure 7. Intermolecular reaction of MYR-PRC (a) and
MYR-BYP-HgO (b). Reprinted with Permission of Ref (Sowa
et al., 2014a; Zhang et al., 2017a). Copyright 2016 Elsevier
B.V. for Figure QUE-BYP-H3O; and Copyright 2013
Elsevier B.V. for MYR-

been proven to be a successful approach toward the synthesis of
the MYR-PRC crystalline phase. Whereas MYR-BYP-HyO
cocrystals were evaluated for their antibacterial properties and
the efficacy of the inhibitory activity against S. aureus and E. coli
(Zhang et al., 2013). However, these significant findings are
not supported by any solubility or dissolution studies related
to the enhancement of physicochemical properties.

Studies have shown that different coformers and prepara-
tion methods provide different enhancements of physicochem-
ical properties. An example of the intermolecular interactions
formed between APIs and coformers is the formation of H-
bonds between hydroxyl (-OH) functional groups in phenols,
such as those in the polar phytochemicals QUE and MYR,
with carboxylic acid (-COOH) functional groups in coform-
ers. Amide (-NH-C=0) and N-heterocyclic functional groups
also potentially interact intermolecularly and form H-bonds
with phenols. Similarly, intermolecular interactions occurred
between the phenolic functional group of GEN (a semipolar
compound) and the carbonyl (-C=0) functional group of a
coformer, which was potentially replaced by a coformer with an
N-heterocyclic functional group. Furthermore, the carbonyl
functional groups in nonpolar phytochemicals like PIP and
CUR are most likely to form H-bonds with carboxylic acid,
amide, and phenolic functional groups.

The preparation methods should be an important consid-
eration in the formation of MCCs using specific APIs, however
there is a lack of variety in the methods for current phytochem-
ical MCCs preparation. The phytochemicals that form MCCs
with more soluble coformers are most likely prepared using
conventional techniques, such as wet or liquid-assisted grind-
ing, solvent evaporation, or slurrying, whereas these techniques
are less effective when performed on less soluble coformers.
For instance, there are less soluble APIs that, when paired
with less soluble APIs as coformers, form a drug-drug type
of MCC. This type of crystal is effectively formed with high-
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performance methods, such as supercritical fluid processing
and sonocrystallization.

The type of MCC formed is also a factor that must be con-
sidered when optimizing the enhancement of physicochemical
properties. This review shows that PIP in the form of a salt is
more soluble than a cocrystal and inclusion complex, whereas
the cocrystal form is more stable because of higher crystallinity.
This also applies to other APIs that primarily form cocrystals,
as seen when reviewing the literature. Therefore, many re-
searchers seek to form salt-type MCCs. Nevertheless, APIs
that can form salt-type MCCs are lacking, causing the cocrystal-
type to be also widely preferred which has better crystallinity
and stability over the other types of MCCs.

5. CONCLUSIONS

Studies show that crystal engineering through the formation
of MCCs enhances phytochemical physicochemical proper-
ties, including solubility, dissolution rate, stability, and perme-
ability. More studies about other physicochemical properties,
including stability, permeability, and compressibility, could
provide a better understanding of clinical and industrial appli-
cations. However, because very few reports of pharmaceutical
crystal engineering for phytochemicals in the selection of co-
formers, methods of preparation, and further design of MCCs
exist, these topics must necessarily be explored. Therefore,
this study led to the understanding that much remains to be
developed in MCC engineering, including identifying more
specific coformers for currently available phytochemicals, re-
vealing more improvements to physicochemical properties of
discovered phytochemical MCCs, and exploring the pattern of
this approach. Furthermore, crystal engineering manifests as a
significant opportunity for increasing the use of phytochemicals
in the pharmaceutical industry.
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