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Abstract

Despite numerous research efforts, drug delivery through the oral route remains a major challenge to formulation scientists.
The oral delivery of drugs poses a significant challenge because more than 40% of new chemical entities are practically
insoluble in water. Low aqueous solubility is the main problem encountered during the formulation development of new
actives and for generic development. A complexation approach has been widely investigated to address this issue, which
subsequently improves the bioavailability of these drugs. This review discusses the various types of complexes such as
metal complex (drug-metal ion), organic molecules (drug-caffeine or drug-hydrophilic polymer), inclusion complex (drug-
cyclodextrin), and pharmacosomes (drug-phospholipids) that improves the aqueous solubility, dissolution, and permeability
of the drug along with the numerous case studies reported in the literature. Besides improving solubility, drug-complexation
provides versatile functions like improving stability, reducing the toxicity of drugs, increasing or decreasing the dissolution
rate, and enhancing bioavailability and biodistribution. Apart, various methods to predict the stoichiometric ratio of reactants
and the stability of the developed complex are discussed.

Keywords complexation - cyclodextrins - ion-resin complexation - organic molecular complexes - pharmacosomes - phase
solubility

Introduction

The drug development stage of new and generic products
is painstaking and tedious. Developing a new pharmaceu-
tical active ingredient or product costs around 2.6 billion
dollars [1]. Therefore, formulation scientists are looking to
develop novel formulations with better therapeutic outcomes
for the existing drugs instead of developing a new drug. In
order to develop an excellent pharmaceutical formulation
with the intended high therapeutic efficacy, the minimum
effective concentration of the drug should be achieved at
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the target site of action with a rapid onset. However, more
than 40% of new chemical entities are insoluble in water [2].
Therefore, the drug must be in the solution at the absorption
site to get absorbed and exert its intended action [2]. Low
aqueous solubility is the main problem encountered during
the formulation development of new actives and for generic
development [2]. Adequate drug solubility in aqueous media
is the prerequisite for successful drug delivery. Most bio-
logical membranes are enclosed by aqueous coats such as
mucus, and only the dissolved active molecules can pene-
trate these membranes. An inadequate/poor aqueous solubil-
ity can affect the rate and extent of drug absorption after oral
administration and slow the product development process for
other routes of administration, including parenteral, nasal,
ocular, dermal, and transdermal routes. Many approaches
were adopted to enhance the aqueous solubility and dissolu-
tion of hydrophobic actives, such as particle size reduction,
the addition of cosolvents or surfactants, salt formation, pH
adjustment (for drugs with pH-dependent solubility), amor-
phous solid dispersions, and development of water-soluble
drug complexes [3-5]. Formulation scientists screen many
solubilizing approaches during the preformulation stage in
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the product development process to achieve adequate drug
solubility or dissolution of the active. Every so often, ade-
quate aqueous solubility can only be achieved by combining
more than one solubilizing approach [6].

The drug solubility is often intrinsically related to particle
size; the surface area to volume ratio increases with smaller
particle size. The larger surface area permits more signifi-
cant interaction with the solvent molecules, thus, increasing
the drug's solubility [2]. Particle size reduction achieves an
efficient and economic solubility enhancement [2]. However,
the mechanical stress inherent to milling and grinding could
impart significant physical stress on the drug inducing degra-
dation in the finished dosage form [2]. The drug may experi-
ence thermal stress during comminution and raise concerns
during the processing of thermosensitive pharmaceuticals
[2]. In addition, the small particle size possesses high cohe-
sive forces leading to poor flow property.

The Co-solvency approach means the addition of water and
drug-miscible solvents to increase the solubility of poorly solu-
ble drugs. Because of the low toxicity and the ability to solu-
bilize hydrophobic pharmaceuticals, the co-solvency approach
has been widely used to prepare parenteral dosage forms. How-
ever, parenteral formulations might require dilution with water
to decrease the solvent content before administration, thus,
reducing the solvation capacity [7]. In addition, Co-solvency
has been adopted only as an approach for preparing liquid for-
mulations. However, liquid dosage forms are more susceptible
to chemical degradation when compared to solid dosage forms.

pH adjustment can combine with co-solvents to increase
the solubility of the poorly water-soluble drug. However, the
risk for drug precipitation upon dilution of the formulation
with aqueous media having a pH at which the drug is less
soluble could be a possible drawback. In addition, local or
systemic tolerability and toxicity issues related to using a non-
physiological pH and extreme pH values could occur. Fur-
thermore, solubilized drugs in liquid formulations are often
chemically less stable when compared to solid formulations.
Moreover, the adjusted pH could accelerate hydrolysis or help
in the catalysis of other possible degradation mechanisms [8].

The primary, fundamental, and oldest approach is using
surfactants to help improve the dissolution performance of
poorly water-soluble drugs. Surfactants increase the wetting of
lipophilic drug particles by decreasing the interfacial tension
between drug particles and the aqueous media. However, con-
ventional micellar solutions have several disadvantages, includ-
ing system instability over long storage periods and gastric irrita-
tion when used in excess quantities [9].

Salt formation is the most popular and effective method
for improving solubility and dissolution rates of weakly
acidic and basic actives [10]. However, organic compounds
frequently undergo self-association in aqueous solutions
due to their amphiphilic nature [11, 12]. Bile salts are good
examples of how these organic compounds show surface
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activity and undergo self-association in their aqueous solu-
tions due to their amphiphilic character [13]. Many pub-
lished investigations reported similar aggregation for the salt
forms of many drug molecules in solution [14-17]. Due to
this self-aggregation phenomenon, salts and non-salt forms
of active moieties in saturated solutions are lower than the
measured concentrations in the solution, thus, leading to
non-ideal pH-solubility behavior [10].

Amorphous solid dispersions are utilized frequently to
improve oral bioavailability by improving the dissolution
rate of poorly water-soluble drug molecules during the drug
product development process [18]. However, the improved
solubility using amorphous solid dispersions is due to the
higher energy of the amorphous form; however, the high
energy state could pose crucial challenges in manufacture,
storage, shipping, or dissolution [19]. Moreover, understand-
ing the molecular interactions between actives and the poly-
meric carrier in the solid state of the amorphous solid dis-
persions and the supersaturated solution still needs further
elucidation to boost the predictability of physicochemical
stability and in vivo performance of these systems [20].

Complexation is a widely used approach in the pharmaceu-
tical field to improve the solubility of various drugs that are
poorly water-soluble and, thus, their bioavailability. Unlike
other solubility enhancement techniques, which require special
precautions to mask the taste (e.g., taste masking polymers),
complexing agents have the inherent ability to taste mask the
drug. Occasionally, the enhanced solubility of the drugs with
disagreeable taste may worsen the taste even more. Aside from
increasing solubility, complexation can improve drug permea-
tion, bioavailability, and biodistribution. They can also improve
the drug's stability (for example, thermal stability) [21].

Complexes are intermolecular associations of ligands and
substrates [6]. Complexes are classified into two types based
on whether the acceptor component is a metal ion or an organic
molecule; metal-ion complexes and organic molecular com-
plexes. For instance, metal complexes or coordination com-
pounds result from a Lewis acid—base reaction between two
or more different chemical entities or donor—acceptor mecha-
nisms [22]. In non-metallic complexes, the drug is bound to
a non-metallic atom in a neutral molecule or ion in an ionic
compound [22]. Another class is the inclusion complexes,
wherein one compound gets entrapped in the molecular frame-
work of another. Many intermolecular forces are involved in
forming different complexes; all are non-covalent bonds,
including van der Waals forces of dispersion, ionic bonds, and
dipolar and induced dipolar forces. Hydrogen bonding also
provides a major force in some molecular complexes, while
coordinate covalence is significant for metal complexes [6, 22].
All categories of complexation discussed in this review with
their applications in the pharmaceutical field and a few of the
marketed products, recent patents, and research are listed in
Tables I, II, and III, respectively.
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Inclusion Complexes

An inclusion complex forms between a host (ligand) and
guest (substrate), where the guest molecules (drug) entrap
within the framework of the host molecule [65]. In this com-
plex, no covalent bonds are created nor broken within or

between the ligand and the substrate. The driving forces for
the complex formation are usually hydrogen bonds, elec-
trostatic, van der Waals forces, conformational strain, and
charge transfer interactions [6]. The inclusion complexes
include clathrates, channel lattice complexes, and conven-
tional drug complexes with hosts containing cavities (e.g.,

Tablel FDA Approved Products Developed Using Complexation Technique

Complexing agent Dosage Form Active Ingredient Marketed product Approval Uses Ref
Date
Inclusion Complexation
Cyclodextrin Oral chewable Cetirizine HCI1 CHILDREN'S ZYRTEC 2007 Taste Masking [23]
ALLERGY
Oral Drospirenone + Ethi- YAZ 2001 Stability of Ethinyl [24]
nyl estradiol estradiol
Topical gel Metronidazole METROGEL 1988 Solubility [25]
HPBCD Injection Telavancin VIBATIV 2009 [26]
Diclofenac sodium DYLOJECT 2014 [27]
Letermovir PREVYMIS 2017 [28]
Tecovirimat TPOXX 2018 [29]
Oral solution Larotrectinib VITRAKVI 2018 [30]
Oral solid Cladribine MAVENCLAD 2019 [31]
SBEBCD Injection Remdesivir VEKLURY® 2020 [32]
Voriconazole VFEND® 2002 [33]
Delafloxacin BAXDELA 2017 [34]
Posaconazole F Noxafil 2006 [35]
Brexanolone ZULRESSO 2019 [36]
Fosphenytoin sodium CEREBYX® 1996 stability [37]
Ion-resin Complexation
Sodium polystyrene sulfonate Extended-release ~ Methylphenidate QuilliChew ER. 2015 Prolong dissolution [38]
chewable tablet hydrochloride
Extended-release ~ Methylphenidate QUILLIVANTTM XR 2012 [39]
oral suspension hydrochloride
Extended-release Chlorpheniramine TUZISTRA XR 2015 [40]
oral suspension polistirex; codeine
polistirex
Extended-release ~ Chlorpheniramine TUSSIONEX PENNKI- 2012
oral suspension polistirex; hydroco- ~ NETIC
done polistirex
Extended-release ~ Dextromethorphan DELSYM 2017 [41]
oral suspension polistirex
Pharmacosomes
Phospholipid [1-a-dimyristoylphos  Injection Amphotericin B ABELCET 1995 Biodistribution and  [42, 43]
phatidylcholine (DMPC) and 1-a- reduce toxicity
dimyristoylphosphatidylglycerol
(DMPG)]
Metal Complexes
Silver Topical cream Silver sulfadiazine Silvadene 1982 Pharamcodynamics [44]
propertics
Zinc Ophthalmic ointment Bacitracin zinc Lumi-sporyn 1982 stability [45]
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Table lll Recent Research on Complexation-based Pharmaceutical Dosage Forms

Drug Type of Complexation Method of Preparation Outcome Reference
Galangin Inclusion Complex (B-CD) Nanoprecipitation Improved solubility, dissolution,  [55]
and pharmacokinetics
Carbamazepine Inclusion Complex (B-CD and Hot Liquid Extrusion Improved solubility, dissolution, [56]
HPB-CD) and pharmacokinetics
Naringenin Ternary Inclusion Complex Hot Melt Extrusion Improved solubility and dissolu-  [57]

(HPB-CD and hydrophilic
polymers)

Sorafenib tosylate Inclusion Complex (B-CD)

Kneading method

tion

Improved solubility and dissolu-  [58]

tion
Atomoxetine hydrochloride Inclusion Complex (f-CD) Kneading method Taste masking [59]
Azithromycin Ion-exchange resin complexaion  Batch process Taste masking [60]
(Kyron T-135 and Doshion-
P542 AB)
Quinine hydrochloride dihydrate Ion-exchange resin complexaion Hot Melt Extrusion Taste masking [61]
(Amberlite™ IRP88 and
Amberlite™ IRP64
Ursolic acid Pharmacosome (hydrogenated Reflux method Bioavailability and hepatopro- [62]
soybean phophatidylcholine) tectivity
Heparin Pharmacosome (Soy lecithin) Solvent evaporation method Bioavailability [63]
Flurbiprofen Organic molecular complexes Solvent evaporation method Enhancing solubility and perme- [64]

(Lidocaine)

ability of Flurbiprofen

cyclodextrin). In clathrates, the host molecules are usually
the polymers, which cover the guest molecules like a cage
[66]. In channel lattice complexes, the guest molecule is
usually a long-chain compound enveloped by host mole-
cules forming channel-like crystal structures. For example,
Thakral et al. (2008) developed the channel lattice complex
using urea to improve the solubility and stability of 13-cis
retinoic acid [67]. However, the conventional drug com-
plexes with hosts containing cavities are formed between
the guest drug and host molecules. In addition, the host
molecule possesses a cavity to accommodate the guest mol-
ecule. Various supramolecular cyclic host molecules pos-
sess cavities in their molecular structure, like cyclodextrins,
cucurbiturils, calixarenes, and crown ethers (Fig. 1). Of the
various supramolecular cyclic host molecules, only inclu-
sion complexes with cyclodextrin have been transformed
into marketed pharmaceutical products.

Cyclodextrins

Cyclodextrins (CDs) are cyclic oligosaccharides composed
of a-D-glucopyranoside subunits linked together by a-1,4
glycosidic bonds. Their structure resembles a truncated cone
with a hydrophobic central cavity and hydrophilic outer sur-
face [68]. The most common CDs are natural aCD, pCD,
and yCD consisting of 6, 7, and 8 a-D-glucopyranoside
subunits, respectively. The increase in subunits proportion-
ates to the increase in central cavity size, making them selec-
tively accommodate a diversity of guests based on molecular

size [69]. In addition, these natural CDs can be chemically
modified to obtain CDs of pharmaceutical interest; these
include hydroxypropylated CD derivatives (e.g., HPBCD and
HPyCD), randomly methylated CDs (RMBCD), and sulfobu-
tylether CDs (e.g., SBEBCD and SBEyCD).

Drug-CD Complexes

The Drug-CD inclusion complexes can be prepared by vari-
ous techniques like solvent evaporation, co-precipitation,
freeze drying, precipitation with compressed anti-solvents,
microwave irradiation method, supercritical antisolvent
technology, hot liquid extrusion, etc. [56, 70-73]. CDs
can accommodate the drug molecule in its cavity, form-
ing drug-CD complexes and changing the included drug's
physicochemical properties, like enhancing aqueous solu-
bility, stability, and permeability. The most common appli-
cation of CD complexation in the pharmaceutical field is
to improve the solubility of the included drug molecules
[69]. The drug, upon complexation, gets hosted in the cen-
tral cavity of the CD; when this drug-CD complex is added
to aqueous media, the hydroxy groups on the outer surface
of the drug-CD complex form hydrogen bonds with water
molecules, allowing the drug to be dissolved. [74]. In addi-
tion to inclusion complex formation, CDs and drug-CD
complexes at higher concentrations can form aggregates in
aqueous media, and aggregate formation is proportional to
CD and drug-CD complex concentration. These aggregates
are formed through non-inclusion complexation or micellar

@ Springer
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Fig. 1 a-cyclodextrin (A), B-cyclodextrin (B), y-cyclodextrin (C), Hydroxypropyl-p-cyclodextrin (D), Cucurbit(7)uril (E), Cucurbit(8)uril (F),

sulfonatocalix(4)arene (G) & sulfonatocalix(8)arene (H).

effects. Numerous studies reported that aggregates could
also enhance the solubility of lipophilic drugs by acting as
drug reservoirs [75].

Various types of CDs have been explored to enhance the sol-
ubility and dissolution of lipophilic drugs (Fig. 2). For example,

Das et al. used SBBCD to form Ibuprofen (IBU) inclusion com-
plexes to improve their solubility. The phase solubility stud-
ies showed the formation of complexes in the stoichiometric
ratio of 1:1. The results revealed the amorphous state of the
drug within the complex and 9.98 and 21-fold improvements
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Fig.2 Inclusion complexation of pomalidomide (POM) with sulfobutylether-p-cyclodextrin. Reproduced with permission from ref [77].
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in solubility when IBU-SBBCD inclusion complexes prepared
in the weight ratio of 1:1 and 1:5 (IBU:SBBCD), respectively
[76]. In another study, HPBCD was utilized by Yan et al. to
enhance the solubility of a flavonoid called Baicalein (BAI).
The complex was formed in a stoichiometric ratio of 1:1 based
on phase solubility studies. Analytical methods confirmed the
amorphous state of BAI in the inclusion complex. The solu-
bility of the BAI improved from 1.37 pg/mL (Pure BAI) to
147.38 pg/mL (BAI- HPBCD)[70].

Apart from improving solubility, the CD complexation can
be utilized for taste masking. For instance, Liu et al. devel-
oped an orodispersible film of donepezil to facilitate swal-
lowing in Alzheimer’s patients. The unacceptable bitter taste
of the drug was masked by using the CD complexation tech-
nique. The authors utilized HPBCD to produce inclusion com-
plexes; subsequently, these complexes were formulated into
an orodispersible film. The taste masking effect was studied
using the electronic tongue method; the results showed that
inclusion complexes and the films prepared from the inclu-
sion complex were palatable compared to the drug, physi-
cal mixture, and films prepared with the drug and sucralose
[78]. In addition, the cyclodextrin complexation can improve
the drug's stability (e.g., photolytic, thermal). In a study by
Yildiz et al., the carvacrol-CD complex thermal gravimetric
analysis showed higher degradation temperature than pure
carvacrol [79]. Similarly, with the FDA-approved product Yaz
(drospirenone/Ethinyl estradiol oral tablets), the stability of
Ethinyl estradiol was improved using CD complexation [24].

The selection of cyclodextrin for complexation is determined
by several factors, including the route of administration and the
physical properties of the drug and cyclodextrins. Due to the
toxicity associated with cyclodextrins, they are not suitable for
administration through all the routes. Except for the a-CD, all
other natural CD’s are prohibited in parenteral formulations.
In contrast, the HPBCD and SBEBCD are commonly used in
parenteral formulations. RMBCD, on the other hand, is only
approved for use in ocular and nasal applications [80].

The size of the cyclodextrin and drug molecule can influ-
ence the complex formation i.e., the CD’s cavity size should
perfectly accommodate the drug molecule. For instance, the
a-CD is suitable to form the complex with small-sized mol-
ecules or side chains of large molecules. Whereas the p-CD
is used for molecules with benzene or phenyl rings, which
is prominent in most drug molecules. The y-CD is used for
the complexation of large molecules [81]. The suitability
of cyclodextrin’s size to the selected drug molecule can be
evaluated either by using in-silico (molecular docking or
molecular modeling studies) or in-vitro analytical techniques
(phase solubility studies or Job’s plot). The drug's solubil-
ity also influences complex formation; drugs with lower
intrinsic solubility have shown a greater relative increase
in solubility. The ionic nature of the drug and cyclodextrin
also influences complexation efficiency and stability. Ionized

drug complexes typically have higher stability constants than
unionized drug complexes. For instance, both the unionized
and cationic forms of chlorpromazine form a 1:1 complex
with p-cyclodextrin; however, the unionized form has a four-
fold higher stability constant than the cationic form. Fur-
thermore, cyclodextrin with the opposite charge of the drug
will produce complexes with high stability constants [82].

Ternary Inclusion Complexes

Even though cyclodextrin complexation is a promising
technique to improve solubility, it has poor complexation
efficacy (CE), resulting in the requirement of large quanti-
ties of cyclodextrin to attain the required solubility of the
drug. Using large quantities of cyclodextrin increases the
bulkiness of the final formulation. The correlation between
the final bulk (weight) of formulation and cyclodextrin can
be explained by the following equation [83]:

(1 g )|
1)

where MW, is the molecular weight of CD, MWp,, is the
drug’s molecular weight.

It can be observed from Eq. 1 that the formulation bulk-
iness is directly proportional to the molecular weight of
cyclodextrin and indirectly proportional to CE. However,
from equation-7, it can be inferred that the CE is the prod-
uct of the intrinsic solubility of the drug (S,) and the equi-
librium constant or stability constant (K,,.,). Thus, increas-
ing S, or K., can improve the CE. The S, of a drug in
aqueous media can be improved by converting the drug
either into an amorphous form, ionizing the drug, creating
salt formation, or adding co-solvents. While the methods
to improve K., include adding auxiliary substances or
counter-ionic drugs. [75]. Of the currently investigated
methods, the formation of ternary complexes by adding
auxiliary substances to the drug:CD inclusion complex is
widely employed to increase CE. Various water-soluble
auxiliary substances, such as polymers, hydroxyl acids,
amino acids, can prepare ternary complexes [84]. In these
systems, the CDs and auxiliary substances act synergisti-
cally to improve the drug’s CE, K ..., & solubility in aque-
ous media. The increase in CE permits the use of less
CD and reduces the final formulation’s bulkiness without
compromising the drug’s solubility [85].

Many studies have been reported to improve the solubility
of various drugs through the ternary complexation approach.
For example, Zafar et al. adopted the ternary inclusion com-
plex approach to improve genistein’s solubility. The binary
complex was prepared using BCD in a stoichiometric ratio
of 1:1. The D-a-Tocopherol polyethylene glycol 1000 suc-
cinate (TPGS) was added to the drug-CD inclusion complex

New Formulation Bulk = Dose of the drug* [
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at a concentration of 0.05% w/w to form a ternary complex.
K,,., and CE values increased from 419.67 M~! and 0.31%
of the drug-CD inclusion complex to 654.98 M~! and 0.48%
of the ternary complex. In addition, the ternary complex
exhibited higher solubility than the binary complex, which
was 48.09-fold and 23.36-fold compared to pure genistein
[86]. In another study, Suvarna et al. developed the ternary
inclusion complex of Irbesartan to improve its aqueous solu-
bility. The ternary complexes were formed in a stoichiomet-
ric ratio of 1:1:1 (Drug:HPBCD:L-Arginine). The value of
K,,., improved from 19.57 M (drug-CD) to 316.04 M™!
(ternary), while CE increased from 0.137 (drug-CD) to
2.212% (ternary). The solubility of the Irbesartan improved
to 6.22 mg/mL by ternary complex compared to 0.68 mg/mL
and 0.007 mg/mL of drug-CD complex and pure Irbesartan,
respectively [87].

Selecting CD and auxiliary substances is essential to
develop a suitable formulation. Both components can be
selected by applying phase solubility studies, where improv-
ing CE and K,,., from binary to ternary inclusion complex
act as the critical factor. In general, the CD can be selected
based on the molecular size of the drug and the size of the
interior cavity of the CD. The cavity size of the CD should
be neither too loose for a drug to escape from the complex
nor insufficient for the drug to get hosted in the CD [88]. The
auxiliary substance can be selected based on the physico-
chemical properties of the drug. For example, the primary
auxiliary substance could significantly enhance the solubil-
ity of an acidic drug [89]. L-arginine is widely employed
among all amino acids as it shows a synergetic effect with
CD to solubilize the drug [68].

Cucurbiturils (CBs)

CBs are barrel-shaped macrocyclic compounds made up of
glycoluril units. Like CDs, these compounds can be obtained
in various sizes based on the presence of glycoluril subunits
(n=5-8, 10). The most used CBs in drug delivery are CB
(6), CB (7) & CB (8) [90]. The CBs have poor solubility
in water, with a maximum solubility of 20-30 mM for CB
(5) and CB (7). In contrast, the solubility of CB (6) and CB
(8) is very low at 0.018 mM and < 0.01 mM, respectively
[91]. However, their solubility in body fluids is compara-
tively higher; for example, the CB (6) has a solubility of
33-37 mM in blood, 1-4 mM in gastric fluid, and 5-7 mM
in intestinal fluid [91]. The surface of the CBs can be modi-
fied to improve the aqueous solubility like CDs. The CB’s
hydrophobic cavity facilitates the host—guest complexation
between the drug and CBs. The complex is stabilized by
forming H-bonds or ion—dipole interactions between the
drug and CB’s cavity [92]. The formed complex improves
drug solubility, physio-chemical stability, and controlled
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drug release. In comparison to drug-CD complexes, the
complexes of CBs possess high stability constants of about
1015 M~! [92]. The investigation of complexation with CBs
is similar to CDs, focusing on the size of host moiety, stoi-
chiometry, and stability of the complex.

Liu et al. improved the solubility of thiabendazole
through complexation with CBs. The CB (7), symmetrical
tetra-methylcucurbituril (6) {TMeQ (6)} and meta-hexa-
methyl-substituted cucurbituril (6) {HMeQ (6)} were uti-
lized in the complexation. The complexation with HMeQ
(6) showed the greatest improvement in solubility, with a
40-fold improvement compared to pure thiabendazole’s
aqueous solubility [93]. Similarly, Huang et al. utilized the
CBs to improve the solubility of kinetin. The solubility and
stability of complexes were in the order of HMeQ (6) (43-
fold) > TMeQ (6) (37-fold) > CB (7) (35-fold) [94].

Calixarenes (CAs)

Similar to the molecules mentioned above, CAs also belong
to macrocyclic molecules with phenol subunits [95]. Unlike
CDs and CBs, these molecules are conical shaped, with a
lower narrow rim and a wide upper rim for accommodating
the guest molecules. The CAs usually have an even number
of subunits, e.g., 4, 6, and 8, as they can be prepared eas-
ily [96]. Various hydrophilic groups like sulfonato, carboxy,
phosphonato, and amino groups can be attached at the para-
positions of CAs to make the compounds more water soluble
[95]. The central cavity is comparatively smaller than CDs.
Similar to other inclusion complex-forming molecules, these
molecules form host—guest complexes, thereby improving
the solubility of poorly soluble drugs.

Yang et al. studied the solubility enhancement efficiency
of 4-sulphonic CAs (n=4, 6, and 8) on nifedipine. The
solubility studies revealed that the 0.008 M 4-sulphonic
calix(8)arene showed the most significant improvement in
the solubility of nifedipine (1.11 * 10 M to 3.28 * 10 M
at pH.5) followed by 0.008 M 4-sulphonic calix(4)arene. In
the case of 0.008 M 4-sulphonic calix(6)arene, the solubil-
ity of nifedipine decreased compared to the absence of the
complexing agent. However, the solubility was improved
slightly at a high concentration of 4-sulphonic calix(6)arene
and pH 5 [97].

In another study by Menon et al., the para-sulphonato
CAs were utilized for the solubility enhancement of carve-
dilol. The authors utilized para-sulphonato CAs (n=4 and
6). Based on the phase solubility studies, the inclusion com-
plexes were formed in the ratio of drug: para-sulphonato
calix(4)arene (1:2) and drug: para-sulphonato calix(6)
arene (1:1). The stability constants were 3.07*#10* M~! and
6.0%10° M~! for a drug:para-sulphonato calix(4)arene and
drug:para-sulphonato calix(6)arene respectively. The in vitro
dissolution studies revealed the dissolution enhancement
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ability of the complexing agents with 100% release in less
than 45 min compared to 4 h for the pure drug [98].

Pharmacosome (PHC)

PHC is a nonvesicular association of drug and phospho-
lipid. The complexing agent in PHC is an amphiphilic and
zwitterionic molecule called phospholipids, an essential
constituent of the cell plasma membrane. The amphiphilic
nature of the phospholipids is due to the presence of a hydro-
philic head (phosphate group — negatively charged) and a
hydrophobic tail (long-chain fatty acid) [99]. The PHC is
not suitable for all the drugs, since the phospholipids form
complexes with polar functional groups (—COOH, —OH,
and —NH?2) containing active hydrogen. Therefore, only the
drug containing these functional groups are suitable for PHC
formation. The drug and phospholipids are bonded in com-
plexes by forming either a non-covalent or an ionic bond.
For example, the non-covalent bond is formed between the
oxygen atom of the phosphate group in the phospholipid and
the active hydrogen of the drug.

In contrast, the ionic bond is formed between the qua-
ternary amine (positive charge) of the phospholipid and the
ionized carboxylic group (negatively charged) of the acidic
drug [100, 101]. Moreover, reports of hydrophobic interac-
tions between the drug and phospholipid to form complexes
have been found. It is demonstrated that molecules with con-
jugated m-electron systems can form various types of com-
plexes with phospholipids [102]. In the case of covalent bond
formation between the drug and phospholipids, the resulting
moieties should be termed prodrugs rather than PHC [6].
The amphiphilic nature of PHC helps improve the drug’s
solubility in both aqueous and non-aqueous media. Though
the improvement of aqueous solubility is minute, they can
significantly improve oral bioavailability and biodistribu-
tion. In addition, PHC can improve the metabolic stability
of the drug and improves bioavailability. For instance, upon
parenteral administration, the gemcitabine gets metabolized
to form 2'-deoxy-2', 2'- diflurouridine (dFdU). The in-vivo
studies of the gemcitabine-phospholipid complex revealed
the inhibition of gemcitabine metabolism and conversion
into dFdU, thus enhancing the bioavailability [103]. This
technique is more favorable to API’s that needs enhancement
of bioavailability either by permeation enhancement and/or
evasion from metabolism.

For example, FDA approved Amphotericin B injectable
lipid complex (Abelcet) is complex 1:1 complex of Ampho-
tericin B and 1- a-dimyristoylphosphatidylcholine (DMPC)
and 1- a-dimyristoylphosphatidylglycerol (DMPG) (7:3),
wherein the lipid complex improved the biodistribution of
Amphotericin B compared to its pure form [42]. The improve-
ment in the oral bioavailability by PHC is due to its ability to

envelope the drug in aqueous media and thus protect the drug
from enzymatic or pH-dependent degradation, parallelly help-
ing reduce the irritability of GIT from the drug. In addition,
the absorption of PHC is like the endogenous absorption of
phospholipids, which occurs via enterocytes, therefore, pro-
tects the drug from P-gp efflux [104]. During the formation
of PHC, the stoichiometric ratio of drug and phospholipid is
an essential factor; in most of the reported studies, the drug
to phospholipid was in the ratio of 1:1. Several therapeutic
moieties have been complexed with phospholipids to improve
either of the solubility, bioavailability, or both.

Amirinejab et al. utilized a phospholipid complexation
approach to improve the dissolution profile of IBU, as shown
in Fig. 3. The complex was formed using phosphatidylcho-
line in the stoichiometric ratio of 1:1, 1:0.5, and 1:0.25
(Drug:Phospholipid). The IBU crystals were observed in
the preparation containing IBU: Phospholipid in the stoi-
chiometric ratio of 1:0.25. The solubility measurements
showed that 1:0.5 (IBU: Phospholipid) had the most signifi-
cant improvement by ~ 2.5 fold compared to the pure drug in
phosphate buffer (pH 7.2). At the same time, the complexes
exhibited less solubility than the pure drug in pH 1.2. The
dissolution profiles of pure drugs and complexes are in-line
with solubility studies, wherein the dissolution in pH 7.2
is in the order of 1:0.5> 1:1 > pure IBU, and at pH 1.2, the
order is 1:0.5 < 1:1 < pure IBU. The decrease in solubility
and dissolution rate in the acidic pH (1.2) is due to the non-
ionization of IBU leading to its entrapment in PHC, thus
decreasing the free drug in the acidic media [101].

In another study by Zhang et al., the pharmacokinetic
and bioavailability of kaempferol (bioavailability; 2%) was
improved by using phospholipid complexation. The drug
was complexed with phosphatidylcholine in a stoichiometric
ratio of 1:1. The aqueous solubility of the formed complexes
was improved by ~216 fold, while ~ threefold improved the
n-Octanol solubility. The dissolution of complexes was
superior to the pure drug in both pH 1.2 and pH 6.8 dissolu-
tion media after 2 h, with the release of 60.13% and 56.13%
compared to 32.76% and 34.67%, respectively. The C_,, of
the drugs from the complex was increased by ~2.75-fold in
comparison with pure drug after oral administration to male
SD rats [105].

Similarly, Biswas et al. improved the bioavailability of
piperine using phospholipid complexation. Wherein Pip-
erine (PIP) was complexed with hydrogenated phosphati-
dylcholine (HPTC) in a stoichiometric ratio of 0.5:1 to
1.5:1 (HPTC: PIP). The solubility of the complex in water
and n-Octanol was improved by ~29.5-fold and ~ 3.2-fold,
respectively, compared to pure PIP. Furthermore, the C,,
of the drug from complex (9.75 +2.17 pg/ml) was signifi-
cantly improved compared to the C_,,, of PIP from the pure
drug (8 +0.21 pg/ml) [106]. These studies demonstrated
phospholipid complexation’s ability to improve the drug’s
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Fig.3 Pharmacosomes of Ibuprofen. Reproduced with permission from ref [101].

bioavilability. The preparation method in most of the studies
was found to be stirring or refluxing the drug and phospho-
lipid in an organic solvent, followed by solvent evaporation
[101, 105]. In addition, co-grinding, mechanical dispersion,
and anti-solvent precipitation methods were also employed
[107-109].

Drug-Resin Complexes (DRC)

Ion-Exchange Resins (IER) are high molecular weight,
water-insoluble, highly cross-linked polymeric structures
with ionizable cationic or anionic functional groups. During
the DRC formation, the ionizable functional groups on IER
can exchange their ions with similarly charged strong affini-
tive drug ions in a solution [110]. The interaction between
the drug and IER in a suitable solution can be described in
the following equation-2.

Resin — SO;Na*+Drug* < Resin — SO; — H*Drug + Na*
@
The strength of exchanging ions depends on the affinity of
functional groups, which could divide the IERs into strongly
acidic cation [sulphonic acid groups (-SO;H)], weakly
acidic cation [carboxylic acid groups (-COOH)], strongly
basic anion [quaternary ammonium groups(-NR;OH)], and
weakly basic anion [amine groups (-NH,, -NHR, and -NR,)]
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exchange resins. The DRC is limited to the drugs in the salt
form, and most of the FDA-approved drugs have either
hydrochloride or hydrobromide salt forms. The selection
of resin should be based on the type of API; for an anionic
API, a cation exchange resin should be used and vice-versa.
The drug’s in vitro or in vivo release from the DRC requires
higher affinity ions to replace the drug [111]. The DRC reacts
with high-affinity ions like K* in the gastric environment,
releasing the drug according to the following equation-3.

Resin — SO; — Drug™ + K* « Drug” + Resin — SO;K*
3)
The drug cannot be extracted from the DRC without
these charged ions; therefore, these systems can be used
to develop abuse and tamper-resistant dosage forms [112,
113]. In addition, the FDA approved various drug-resin
complexes, and all are for extended-release dosage form
design, wherein the extended-release property is obtained
by coating the DRC particles with extended-release poly-
mers. Apart from this, the DRC can be used for improving
solubility, dissolution, and taste masking. Therefore, this
complexation is mostly used to develop abuse-deterrent
formulations (particularly for opioids) and extended-
release dosage forms, especially the extended-release
suspensions (currently approved by FDA).
Kulthe et al. enhanced the solubility of Atorvastatin
Calcium using ion-resin complexation. Cholestyramine
was used as a complexing agent in the stoichiometric
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ratio of 1:1 (drug: resin). The saturation solubility studies
showed an improvement in the solubility by ~3.25 fold fol-
lowing the amorphous conversion of the drug [114]. Pan-
raksa et al. utilized the ion-exchange resin complexation
for taste masking of nizatidine. The authors used strong
anion exchange resins the Amberlite IRP-69 (sodium poly-
styrene sulphonate) and Dowex-50 (hydrogen form—pol-
ystyrene sulphonic acid); the resins were protonated by
washing with acid (0.1N HCI). The nizatidine was added
to the resin in water to form complexes. The nizatidine
showed high complexation efficiency in a stoichiomet-
ric ratio of 1:3 (drug:resin) with Dowex-50 because of
like-charged ions, the H* compared to Amberlite IRP-69
with Na* ions. The dissolution studies exhibited the com-
plete release within 1 h. The in vivo taste masking studies
reported a pleasant taste for the DRC [115].

Xin et al. improved the dissolution of IBU by prepar-
ing DRC with poly (ethylene—g—styrene—trimethyl-ammo-
nium—chloride; strong anionic resin). The resin was acti-
vated in alkaline media (1 M NaOH); the activated resin
and IBU were added to water and stirred to form a complex.
As a result, the dissolution of IBU from DRC was higher
than pure IBU in pH 7.0 phosphate buffer. Also, the in vivo
studies revealed that the DRC was ~3.5-fold and less likely
to form ulcers than pure IBU [116]. Despite having vari-
ous pharmaceutical applications, preparing these complexes
requires large quantities of solvent compared to other phar-
maceutical complexation techniques. Modern technologies
like hot-melt extrusion (HME) have been studied but not
widely employed in preparing these complexes [61].

Metal lon Complexes

Metal complexes, also known as coordination complexes, are
formed between the metal ions (Lewis acids) and Ligands
(API — Lewis bases). During the formation of coordination
complex, the ligands (H,O:, H;N:, C1™:) donate pair of elec-
trons to metal ions (e.g., Fe?*, Cu**, Zn**, and Pt**) [6]. Cis-
platin, a water-soluble anticancer drug, is the best example
of a metal complex in the pharmaceutical market, with the
platinum ion complexed with two chloride atoms and two
ammonia moieties [117]. Similarly, there are various metal-
based FDA-approved drugs like carboplatin (platinum),
oxaliplatin (platinum), silver sulfadiazine (silver), bacitracin
zinc (Zinc), etc. Although the presence of these complexes
in pharmaceuticals is negligible, it is recently gaining more
attention, especially in nutraceuticals. Most of the metal
complexes studied to date are mainly used to improve either
the stability or the pharmacodynamic properties of the drug
molecules, rather than improving the solubility. During the
formation of metal-drug complexes, the electronegativity of
the metal drives the formation of stable metal complexes.

Typically, the more electronegatively charged the metal ion
is, the more stable the formed complex, which is difficult to
dissociate in the aqueous media, resulting in poor aqueous
solubility. As a result, the metal-ion used in complex forma-
tion should be carefully chosen to balance the solubility and
stability of metal-drug complexes [118].

Similarly, chelates are also known as coordination com-
plexes because the same substrate binds to more than one
ligand site (chelating agent). Chelating agents, such as
EDTA, are frequently used to remove metal ion impurities
in pharmaceutical formulations that have the potential to
degrade the pharmaceutical product. Pharmaceutical drug-
metal ion chelates exist, but chelate formation is not always
necessary to improve drug solubility. However, some metal
complexes of water-insoluble drugs may form water-soluble
drug-metal complexes [119].

Few studies have reported improving the solubility of
various water-insoluble APIs upon complexation with
metal ions. For example, Higuchi ef al. demonstrated that
the solubility of oxytetracycline increased upon forming
chelates with Ca**, and the stoichiometry of complexation
was in higher order for Ca®* (1:2) [119]. Similarly, Ross
et al. studied the effect of various metal-ion complexes on
the aqueous solubility of fluoroquinolones antimicrobials.
The authors complexed the lomefloxacin with various metal
ions. The stoichiometry (drug:metal ion) was varied with
a different metal ion, for example, Ca®* (1:1), Mg** (2:1),
Bi** (2:1), Fe** (2:1) and AI** (3:1). The solubility of the
lomefloxacin was increased upon complexation with all the
metal ions following A, -type phase solubility curve, except
for Bi** (B-type phase solubility curve) attributed to the
limited aqueous solubility of Bi** salts [118].

In another study conducted by Sareen et al., the solubility
of curcumin was improved upon complexation with Zinc.
The stoichiometry of complexation was 1:1(Curcumin:Zinc).
The solubility of the curcumin-zinc complex was increased
by twofold compared to pure curcumin throughout various
pHs of 1.2, 6.8, and 7.4 [120]. Similarly, Hieu et al. studied
the effect of various metal ions complexation on the solubil-
ity of curcumin. The metals used are zinc (Zn2+), calcium
(Ca**), and iron (Fe**) which have an ionic electronegativ-
ity of 1.65, 1.00, and 1.9 respectively [121]. The complexes
were prepared with calcium and Zinc in the stoichiometry
of 1:1 (curcumin:metal-ion), whereas 3:1 with Fe**. The
complexation efficiency was in the order of iron > zinc > cal-
cium. The solubility studies conducted in water with vari-
ous concentrations of Tween 80 (0.1 to 2.5% w/v) revealed
an improvement in the solubility of complexes with an
increase in Tween 80 concentrations. The solubility of the
curcumin complex was in the order of calcium > zinc > iron,
while the stability of the complexes is in the order of cal-
cium < zinc < iron. Therefore, the complexes of metal-ions
with high electronegativity produce strong complexes, which
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cannot be cleaved easily in the aqueous media resulting in a
low solubility [122]. Despite various studies demonstrating
their ability in solubility enhancement, the metal complexes
are limited to a few API molecules. Apart from this, the
metal complexes exert heavy metal-ion toxicity and possess
less bioavailability due to their trans-chelation with amino-
acid, and peptides in the gastrointestinal tract [123].

Organic Molecular Complexes (OMCs)

Organic molecular complexes (OMCs) are non-covalently
bound substrates and ligands [6]. OMCs are formed due to
weak non-covalent interactions, including hydrogen bond-
ing, charge-transfer interactions, hydrophobic interactions,
electrostatic interactions, and dispersion forces between
substrates and ligands [6]. In aqueous solutions, the bound
molecules of the substrate are frequently in dynamic equi-
librium with their corresponding unbound substrate mol-
ecules [6]. OMCs could form as a result of non-covalent
interaction between small substrates and small ligands (e.g.,
drug-drug), between small substrates and large ligands (e.g.,
drug-polymer or drug-protein), and between large substrates
and large ligands (e.g., protein-carbohydrate) [6]. OMCs are
prepared mainly as water-soluble complexes of poorly water-
soluble drugs [6].

Small Substrate and Small Ligand OMCs/Stacking
Complexes

Stacking complexes are formed due to the overlap of the
planar regions of aromatic compounds [124]. The hydro-
carbon moieties of nonpolar molecules tend to aggregate
and be squeezed out of the water environment due to the
strong hydrogen bonding between water molecules [124].
The aggregation of the hydrocarbon moieties is due to the
large planar nonpolar regions in the nonpolar molecule. The
stacked arrangement reduces the exposure of the hydropho-
bic regions of nonpolar moieties to water [125]. Therefore,
the complex is formed due to the interaction between the
planer hydrophobic regions of the ligand and the substrate
(drug). The drug and the ligand may not have an affinity
towards each other but interact to minimize the exposure of
their molecules to water [125].

Stacked complexes are either homogeneous or mixed so
stacking may occur between the same molecules (self-asso-
ciation) or different molecules (co-association) [125]. Vari-
ous models and theories have been suggested to explain the
dependence of the stacking phenomenon on the properties of
the active and the ligand. Based on the maximum aromatic
overlap model, the size of the pi-electron system of the ligand
is the most crucial factor in determining the strength of the
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interaction in the complexation process [125, 126]. In addi-
tion, the electrostatic force of the donor—acceptor type plays
an essential role in the complexation process [125, 127].
Moreover, the role of hydrogen bonding in stacking compl-
exation has also been investigated; however, a clear relation-
ship has not been established [125, 128, 129]. It was also
postulated that high log P drugs have a more vital driving
force towards complexation. However, this theory considers
the whole non-polarity of the substrate molecules. Therefore,
only a part of the substrate may be complexing; therefore,
the total non-polarity theory may not be correct [128, 129].
Some ligands that are well known to form stacking OMCs are
Nicotinamide, Pyrene, Anthracene, Salicylic acid, Methylene
blue, Ferulic acid, Benzoic acid, Gentisic acid, Theobromine,
Purine, Naphthalene, and Caffeine [124].

Caffeine Based OMCs

Caffeine (CAF) is a methylxanthine alkaloid that occurs natu-
rally in more than 60 plants, including tea leaves, guarana,
coffee beans, cocoa, and kola nuts [130-132]. CAF has central
nervous system stimulant, vasodilating, and diuretic pharma-
cological activities [130]. In addition, some recent investiga-
tions have reported potential anticancer activity for CAF [133,
134]. OMCs between poorly water-soluble drugs and CAF
have been successfully used to improve the solubility, in vitro
dissolution rate, photostability, and, thus, in vivo therapeu-
tic efficacy of many actives. Therefore, CAF has been well-
established as an excellent complexing ligand for improving
the therapeutic outcomes of many poorly water-soluble drugs.
CAF interacts mainly with acidic drugs that have organic acid
anions. This interaction could occur by either a dipole—dipole
interaction or a hydrogen bond between the polarized carbonyl
groups of CAF and the hydrogen atom of the acidic drug, as
illustrated in Fig. 4 [132]. However, sometimes less water-
soluble OMC:s of drugs such as gentisic acid are formed. CAF
forms hydrogen-bonded OMCs with drugs that have a proton
donor functional group, including phenols, phenol derivatives,
and aliphatic alcohols [132, 135].

Higuchi et al. prepared many OMCs of caffeine and vari-
ous drugs, including the antimicrobial sulfathiazole, in the
early 1950s. Adding CAF to the aqueous medium containing
sulfathiazole resulted in ~ threefold improvement in the drug
solubility due to the formation of 1:1 sulfathiazole-caffeine
OMC [136]. Goto et al. investigated the effect of complexa-
tion between CAF with salicylic acid, aspirin, dehydroacetic
acid, and ethyl p-hydroxybenzoate on oral absorption in a
rabbit animal model. The tested drugs associated with CAF
form water-soluble complexes. The in vivo experimental
results showed a proportional relationship between the
absorption rate constants and complex ratios in adminis-
tered solutions [137].
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Shakeel et al. prepared CAF-celecoxib (1:1) OMC to
enhance celecoxib's solubility and in vitro dissolution rate.
In vitro dissolution testing for pure celecoxib, complex, and
marketed capsule (Celebrex®) showed the highest % release
(90.5) celecoxib for the caffeine—celecoxib complex, suggest-
ing that CAF is a promising complexing ligand for solubility
and dissolution enhancement of poorly water-soluble drugs
such as the non-steroidal anti-inflammatory drug celecoxib
[130]. Butt et al. prepared CAF and Soluplus OMCs con-
taining the anti-hyperlipidemic drug rosuvastatin calcium to
improve the solubility and dissolution rate of the drug. The
prepared OMCs significantly improved the rate and the extent
of drug release from tablets in pH 1.2, 6.6, and 6.8 buffers.
They provided a rosuvastatin calcium concentration higher
than the saturation solubility of the drug [138].

Ahmed et al. studied the effect of CAF complexation
with the vitamin B2 riboflavin on the photolysis kinetics of
the vitamin at different pH (2.0-10.5). CAF inhibited vita-
min photolysis due to the complex formation between CAF
and riboflavin. Moreover, the photochemical interaction of
riboflavin with CAF indicated that a pH of ~ 6 is the most
proper for stabilizing the riboflavin due to the formation of a
complex with the highest stability constant at this pH [139].

Nicotinamide Based OMCs

In addition to stacking, at least two more theories have been
suggested to explain how nicotinamide (NCT) solubilizes
drugs. First, it has been proposed that NCT acts like a chao-
trope that breaks the strongly associated structure of water
and, thus, has higher drug solubility [125]. Some researchers
postulated that NCT develops micellar aggregates in water,
followed by the inclusion of the substrate into these micellar
aggregates. The critical hydrotrope concentration is the con-
centration at which the aggregation starts [140]. The is still
a debate about whether these aggregates are higher-order
complexes or micelles. In either case, it was demonstrated

that the production of the aggregates was a crucial step in
the solubilization of the substrate.

Sanghvi et al. investigated the solubility enhancement
of eleven poorly water-soluble drugs (phenobarbitone,
griseofulvin, phenytoin, ketoprofen, estrone, amiodarone,
carbendazim, 2-phenoxy propionic acid, XK-469, ben-
zoyl phenyl urea derivative, and PG-300995) after com-
plexation with NCT [125]. The solubilization efficiency
of NCT was compared to that of inclusion complexation
with HPBCD and SBBCD. At low NCT concentrations, a
1:1 complex was formed, while at higher NCT concen-
trations 1:2 (drug: NCT) complex was formed. The NCT
solution (20% w/v) showed solubility improvements up to
4000-fold for the benzoyl phenyl urea derivative. Moreo-
ver, NCT was more effective than cyclodextrins for solu-
bilizing carbendazim, griseofulvin, and PG-300995. The
authors also studied the mechanism of drug solubilization
by studying the effects of NCT concentration on water's
conductivity and surface tension. A slight break in both
tested characteristics at 10% NCT concentration, indicat-
ing self-association at higher NCT concentrations [125].

Agrawal ef al. investigated the effect of different
hydrotropes (NCT, piperazine, sodium ascorbate, sodium
salicylate, and sodium benzoate) complexation on the
solubility of the non-steroidal anti-inflammatory drug
nimesulide [141]. The solubility augmentation power
of the tested hydrotropes was ranked in this increas-
ing order—NCT < sodium benzoate < sodium salicy-
late < sodium ascorbate < piperazine—with a solubility
enhancement ratio of 12 <58 <68 < 156 <3248, respec-
tively for 2 M hydrotrope concentration [141].

Small Substrate and Large Ligand OMCs
Many hydrophilic polymers interact with poorly water-soluble
drugs to form water-soluble complexes. For example, many

commercial drug products use polyvinylpyrrolidone (Povi-
done; PVP) as a solubilizer. According to the FDA’s inactive
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ingredient database, PVP, PVP K12, PVP K15, PVP K17, PVP
K25, PVP K25/30, PVP K30, and PVP K90 are used in many
commercial formulations for auricular, intramuscular, oph-
thalmic, oral, subcutaneous, sublingual, topical, transdermal,
vaginal, intravenous, and buccal routes. PVP forms hydrogen
bonding with many poorly water-soluble drugs, including
acetaminophen [142], amphotericin B [143], diflunisal [144],
hydrocortisone [145], metronidazole [146], and sulindac
[147]. Water-soluble cellulose derivatives such as hypromel-
lose (HPMC; hydroxypropyl methylcellulose) have also been
investigated for enhancing the aqueous solubility of poorly
water-soluble drugs, including acetazolamide, prazepam,
hydrocortisone, and sulfamethoxazole [145]. In addition, Poly-
hydroxy oxyethylene phosphate has been used as a solubilizer
for paclitaxel through complex formation [148]. Some proteins,
such as serum albumin, form water-soluble complexes of poorly
soluble drugs, including paclitaxel [149] and rifapentine [150].

Afrasiabi et al. reported that the aqueous solubility of aceta-
minophen increased from 14.3 mg/mL to 26.7 mg/mL after
complexation with PVP (8% w/v) polymer. Dialysis studies
revealed the weak, physical, and reversible interaction between
PVP and the drug. In addition, Infrared spectroscopy revealed
a hydrogen bonding interaction between PVP and acetami-
nophen; therefore, the increase in drug solubility is probably
attributed to forming a water-soluble PVP complex [142].
Rodrigues et al. investigated the complex formation between
the poorly water-soluble non-steroidal anti-inflammatory
drug diflunisal with PVP. X-ray diffraction analysis revealed
the transformation of diflunisal from crystalline to amorphous
state in solid dispersions depending on the PVP content. DSC
thermograms of solid dispersion systems revealed a solid-state
interaction. The increased release rate of the drug from solid
dispersion compared to the physical mixture was attributed to
the formation of a water-soluble PVP complex [144].

Loftsson et al. studied the effect of water-soluble poly-
mers (HPMC and PVP) on the aqueous solubility of aceta-
zolamide, prazepam, hydrocortisone, and sulfamethoxazole.
The tested polymers (0.10-0.25% w/v significantly improved
the aqueous solubility of the tested actives. In addition,
the solubility studies revealed that a significant fraction
(30-50%) of tested drug molecules are bound to the poly-
mers in dilute aqueous polymer solutions [145].

Ostrovskii et al. used human serum albumin, succinylated
gelatin, and sodium caseinate to produce water-soluble forms
of the antituberculosis drug rifapentine by precipitation or
homogenization. The ultrasonic homogenization generated
stable colloidal dispersions with a 100-fold improvement in
the aqueous solubility of the drug (9— 10 mg/mL). Further-
more, the dilution of the suspensions led to the dissocia-
tion of the aggregates formed during and formation of an
apparent drug solution. The particle size was 10— 20 nm,
which would not lead to embolization upon infusion of that
water-soluble drug complex. The results showed that the
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selected approach could be a promising platform for prepar-
ing parenteral formulations for tuberculosis [150].

Large Substrate and Small Ligand OMCs

Most macromolecules, such as protein drugs, are water-solu-
ble. However, proteins could precipitate from aqueous solu-
tions and form protein aggregates. Carbohydrates (Polyols)
can form complexes with these macromolecules in aqueous
solutions and prevent this irreversible phenomenon [151].

Determination of Stoichiometry Ratio
of Reactants (Drug and Complexing Agent)

The stoichiometry of complexation and stability of the
complexes are the main factors to be considered during the
formation of drug complexes. The most common stoichio-
metric ratio between the drug and complexing agents is 1:1,
and sometimes this ratio can be higher, like one molecule
of drug can form a complex with more than one molecule
of complexing agent and vice-versa [83]. There are various
methods to ensure complex formation, determine the stoi-
chiometry of complexation and evaluate the stability of the
formed complex. Some of the widely adopted techniques
are described below.

In silico Molecular Modeling

The in silico molecular modeling can give an insight into
the interaction between the drug and the complexing agent,
such as whether the drug and complexing agent are inter-
acting to form a complex, the type of interaction, and the
interaction ratio. These studies can reduce the time and cost
of the developmental process of drug complexes. Various in
silico methods like molecular docking, molecular dynam-
ics, artificial intelligence, and artificial neural networks have
been used to determine the interactions for the formation
of complexes [152]. Among all these methods, molecular
docking has been extensively used to determine the interac-
tion between different CDs and guest molecules [153]. For
instance, Mahipal et al. used AutoDock Vian software to
investigate the interaction between the sorafenib tosylate and
CDs (a-CD, p-CD, and y-CD) (Fig. 5SA), wherein the authors
found that the interaction between the sorafenib tosylate and
B-CD is strongest among the other natural CDs with the
binding affinity of -6.1 kcal/mol. The studies also revealed
the stoichiometry of sorafenib tosylate and $-CD in the ratio
of 1:1 [58]. However, this molecular docking technique has
been confined to the application for CD complexes because
molecular docking requires the target (i.e., the CD) with
docking site-like proteins. On the other hand, the compl-
exation interaction can be studied by molecular dynamics,
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Tbuprofen
DLPC , Pt

Fig.5 A) Molecular docking studies and the structures of SENT (a), p-CD (b), top view of SENT/B-CD inclusion complex (c), bottom view of
SENT/B-CD inclusion complex (d), side view of SENT/B-CD inclusion complex (e), and hydrogen bond (yellow dotted line) representation in
SENT/B-CD inclusion complex (f). Reproduced with permission from ref [58]. B) Molecular structure simulation of IPA association produced
using Gauss View package. Reproduced with permission from ref [101]. C) The conformation of the system of methylphenidate hydrochloride

and ion exchange resins. Reproduced with permission from ref [154].

which enables the study of the interaction between various
molecules and stimulates various process parameters like
temperature and pressure conditions [152].

Different types of complexes have also been studied using
molecular dynamic simulations. For example, Sherje et al.
used the Maestro module in Schrodinger software to study
the interaction between etodolac, HPBCD, and L-arginine in
ternary inclusion complex formation [155]. Apart from the
application to CD complexes, molecular dynamic modeling
can be used to study the interaction between the drug and
other complexing agents like resin and phospholipids.

Similarly, Amirinejad et al. used Gaussian 16 software
to study the phospholipid complexes interaction between
the IBU and 1,2-dilinoyl-sn-glycero-3- phosphocholine
(Fig. 5B) [101]. Li et al. studied the interaction between
methylphenidate hydrochloride and resin (sodium poly-
styrene sulfonate) using Gaussview 5 software (Fig. 5C)
[154]. In summary, the application of molecular simulation
to determine the various characteristics of complexes has
been rapidly increasing with the progress in the improve-
ment of in-silico modeling.

Phase Solubility Studies

Higuchi and Connors developed a phase solubility method to
examine the effect of the host in solubilizing the guest mole-
cule [156]. The phase solubility diagrams are plotted between
the concentration of host (X-axis) vs. the concentration of
dissolved guest (drug) (Y-axis). Based on the obtained lin-
earity of the curve, the phase solubility diagrams are divided
into A and B types, as illustrated in Fig. 6. The A-type curve
indicates the formation of soluble drug-CD complexes. The
A-type curves are divided into three subtypes, A;, Ap, and
Ay. The A; -type curve indicates the solubility of the drug
increases linearly with an increase in CD concentration,
thus inferring the formation of monomolecular drug-CD

complexes (1:1). In these curves, the slope values are usually
equal to or less than unity and the K., can be determined
using equation-5. The Ap-type curve represents the positive
deviation of the curve from linearity, which occurs when the
solubilization of drug increases without the further addition
of CD. At the same time, the Ap-type curve may indicate
the formation of higher-order complexes concerning CD
(one molecule of drug reacts with more than one CD). The
two-CD molecules and a molecule of the drug need not be
complexed, as it is essential to remember that this method
indicates the influence of CD on the solubilization of the drug
rather than complex formation. The solubilization increase
can also be attributed to the formation of either non-inclusion
complexes, CD aggregates, or both. In Ap-type curves, the

S By

Dissolved Drug Concentration (M)

B,

Cyclodextrin Concentration (M)

Fig.6 Phase Solubility Curve and its classification.
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slope values is usually greater than unity and the K. can
be determined using equation-6. The Ay-type represents the
negative deviation from the linearity, which occurs when the
solubilization of the drug decreases with the further addi-
tion of CD. The Ay-type can be obtained when the CDs or
their complexes self-associate at higher CD concentrations or
due to the changes in the complexation media, like viscosity
and surface tension, due to higher concentrations of CDs. In
An-type curves, the slope values is usually lesser than unity
and the K., can be determined using equation-5 [74, 75,
83, 157].

In contrast, B-type curves imply the formation of com-
plexes with limited solubility and are commonly obtained
using natural CDs. The Bg-type curves have three regions
the linear, plateau, and descending region. The linear region
can be mathematically considered as A; -type. The plateau
region indicates the solubilization of all the available drugs
in the complexation media or the inefficiency of the com-
plexing agent to form complexes. The further addition of CD
results in the formation of insoluble complexes that precipitate
depletion of solubilized drug concentrations, thus forming the
descending region in the Bg-type curve. The B;-type curves
represent the formation of insoluble complexes and are like
Bg-type, except they do not have initial linear and plateau
regions [157]. The following equation-4 defines the equilib-
rium or stability constant (K,,.,) in a drug complex.

Km:n
m*D+n*C < D,/C, )

m*D and n*C represent the number of molecules of the drug
and the complexing agent, respectively [83].

The value of K .., for cyclodextrin:drug in 1:1 and 2:1 ratio
can be calculated using the following equation-5&6 respectively.

_ Slope
1175 #(1-Slope) ©)
Slope
E 6)
Sg*(2-Slope)

where S, is the intrinsic solubility of the drug (intercept) and
the slope is the slope obtained from the drug-complexing
agent phase solubility diagram as represented in Fig. 0.6
[83]. The value of K., changes with the ratio of reacting
species; for instance, the value of K., ranges from 10* to
10° M~! and essentially not more than 10* M~!, while for
K, ., the value ranges from 10 to 500 M~! [75]. The value
K,,., is highly vulnerable to the S, of the drug, and some-
times it is complicated to obtain the value of S for poorly
soluble drugs. Further, the lipophilic drugs tend to self-
associate in aqueous media leading to errors in calculating
K.,.n- Under these circumstances, it would be more accurate
to calculate CE as in equation-7 rather than K., [74].
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CE= Km:n*SO = ope

1-Slope )
The slope for the above equations can be determined
from the phase solubility diagram.

Job’s Plot

The job plot is often referred to as a method of continu-
ous variation and is used to determine the stoichiometry
ratio of reactants (drug and complexing agent) in chemical
equilibrium.

m*D +n*C =D,,C,

m*D and n*C represent the number of molecules of the drug
and the complexing agent, respectively. While D_C, repre-
sents the molecular complex. Unlike the phase solubility
studies, the job’s plot is plotted between the mole fraction
of the drug or complexing agent (x-axis) vs. dependent vari-
able like analytical measurement (y-axis) that correlates lin-
early with concentrations of drug or complexing agent [158].
Most often, the analytical measurement employed in this
method is UV-VIS absorbance; other measurements may
include but are not limited to conductivity, circular dichro-
ism, and melting point depression.

In this study, concentrations of the drug (0-1 M) and
complexing agent (1-0 M) are varied simultaneously, but
the total concentration of the drug and complexing agent
remains constant. Plotting the analytical measurements
(y-axis) against the x-axis gives a curve. The curve’s maxi-
mum gives a qualitative insight into the stoichiometry ratio
of reactants. For instance, the maximum of the curve at a
0.5-mol fraction of drug or complexing agent of the X-axis
(Fig. 7A) indicates the stoichiometry ratio of reactants is
1:1. Whereas if the maximum (0.33 on X-axis) is inclined
towards the left side of the curve (Fig. 7B), it indicates
the stoichiometry ratio of reactants in 1:2. Similarly, if
the maximum of the curve is inclined towards the right
side of X-axis, it indicates the stoichiometry ratio of reac-
tants in 2:1. The sharpness of the curve indicates the rough
estimation of equilibrium constant K ... The sharp curve
indicates a higher K., while the bell shape indicates a
lower K., (Fig. 7C) [159].

Thermodynamics of Drug-Complex
Interaction

The thermodynamic parameters i.e., Gibbs free energy,
enthalpy, and entropy of a complexation can be obtained
from the stability constant of CD-complex against tem-
perature. As mentioned earlier the complexation involves
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Keoq =100
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Fig.7 Different curves of Job’s Plot, where P — Measured physical or analytical property, X, — Mole fraction of Drug. While figure A — repre-
sents the stoichiometry of complexation in 1:1 (Maximum of curve at X, is 0.5), figure B — represents the stoichiometry of complexation in 1:2
(Maximum of curve at X, is 0.33) and figure C — represents the various shapes of job’s plot in 1:1 stoichiometric complexation indicating equi-

librium constant (k,.,) Reproduced with permission from ref [159].

electrostatic interaction, confirmational changes, van
der Waals forces, hydrogen bonding, etc. Compared to
all, the hydrophobic interactions (van der Waals forces)
are important in the complex formation. These van der
Waals forces are always associated with slightly positive
enthalpy and large positive entropy. However, the water
molecules present in the CD’s hydrophobic cavity must
be liberated to accommodate the guest API molecule. The
water molecules present in the CD’s hydrophobic core are
devoid of any hydrogen bonding, thus they possess great
flexibility to release from the CD’s core. The free exist-
ence (lack of hydrogen bonding) of water molecules in
the CD’s hydrophobic core makes them enthalpically rich
compared to water molecules present in the bulk media
surrounding the CD’s surface. Therefore, the release of
these water molecules is always associated with positive
enthalpy and large negative entropy values. This entropy
and enthalpy compensation can be observed upon adding
up all the energies from the hydrophobic interaction and
liberation of water from the CD’s core, resulting in slight
positive enthalpy. Also, the formation of the CD complex
is independent of the chemical nature of the guest mol-
ecule, rather it depends on the size of the guest molecule.
Thus, the CD complexation can generally be categorized
as an enthalpically driven reaction [157].

While most other complexation mechanisms involve
either formation of an H-bond or an ionic bond, both bonds
are enthalpically driven. The formation of an ionic bond
is a strong interaction between positive and negative ions.
Whereas the formation of an H-bond is a weak interac-
tion between the partially positive and negatively charged
atoms. This opposite change interaction always favors large
negative enthalpy change in a system, since the interaction

between the oppositely charged molecules is usually spon-
taneous and releases energy i.e., exothermic [160].

The phospholipid's interaction with drugs is more pre-
dictable and depends on the functional groups as mentioned
in section-3. The formation of pharmacosomes is enthalpi-
cally driven because of the high enthalpically active inter-
action between the phospholipid and drug, which is usually
by H-bond formation or ionic bond formation [161]. Simi-
larly, ionic interactions are typically used to form drug-resin
complexes and metal complexes. While organic molecular
complexes are typically formed via the H-bond formation
[6]. Therefore, all the drug complexes in pharmaceuticals
are enthalpically driven.

Conclusions

It is clear from the facts provided in this review that drug
complexes, by diverse molecular structures and physico-
chemical properties, can be utilized as a practical approach
to overcoming many drug delivery issues of poorly water-
soluble drug molecules. Drug complexes can fulfill the
requirement as effective delivery vehicles because they
can increase the aqueous solubility, dissolution rate, and
bioavailability of poorly water-soluble drugs. Among all
complexation approaches, inclusion complexation with
cyclodextrins has been prominently utilized as an effective
solubility and dissolution enhancement approach. In addi-
tion to solubility, the permeability of the drug moieties can
be improved through lipid complexes. Considering various
reports, it is crucial to thoroughly understand the preformu-
lation aspects to predict the stoichiometry ratio of reactants
and stability of the complex. Various in-silico and in vitro
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models can effectively predict the various preformulation
aspects and assist in developing a stable drug complex. Since
different regulatory authorities currently approve many phar-
maceutical products based on complexation approach, this
could open the possibility for other applications to prepare
successful drug delivery platforms. The applications of the
complexation approach are not limited to the topics reviewed
above but also have been expanded to the food, cosmetics,
and agriculture industries.
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