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Impact of Dendrimers on Solubility of
Hydrophobic Drug Molecules

Sonam Choudhary, Lokesh Gupta, Sarita Rani, Kaushalkumar D ave " and Umesh Gupta *

Department of Pharmacy, School of Chemical Sciences and Phienacy, Central University of Rajasthan, Kishangarh, India

Adequate aqueous solubility has been one of the desired pragrties while selecting
drug molecules and other bio-actives for product developmat. Often solubility of a
drug determines its pharmaceutical and therapeutic perfanance. Majority of newly
synthesized drug molecules fail or are rejected during the agly phases of drug

discovery and development due to their limited solubilitysuf cient permeability, aqueous

solubility and physicochemical stability of the drug are iportant for achieving adequate
bioavailability and therapeutic outcome. A number of diffent approaches including
co-solvency, micellar solubilization, micronization, plddjustment, chemical modi cation,

and solid dispersion have been explored toward improving # solubility of various poorly
aqueous-soluble drugs. Dendrimers, a new class of polymergpossess great potential for
drug solubility improvement, by virtue of their unique progrties. These hyper-branched,
mono-dispersed molecules have the distinct ability to bindthe drug molecules on

periphery as well as to encapsulate these molecules withime dendritic structure. There
are numerous reported studies which have successfully usedendrimers to enhance the
solubilization of poorly soluble drugs. These promising dobomes have encouraged the
researchers to design, synthesize, and evaluate various deritic polymers for their use
in drug delivery and product development. This review willidcuss the aspects and role
of dendrimers in the solubility enhancement of poorly solub drugs. The review will also
highlight the important and relevant properties of dendrimrs which contribute toward

drug solubilization. Finally, hydrophobic drugs which habeen explored for dendrimer
assisted solubilization, and the current marketing statusf dendrimers will be discussed.

Keywords: solubility enhancement, bioavailability, dendr
solubilization, hyperbranched polymers

imer, polyamidoamine, poly(propylene imine), polymer,

INTRODUCTION

The role of aqueous-solubility of any new chemical entityC@) or a drug is crucial and decisive
in the development of its formulation. While product developmef aqueous-soluble drugs is
relatively easy and less expensive, the formulation devedopmf a drug with low aqueous-
solubility consists of multiple challenging steps where kitity and solubilization of the drug

Abbreviations: 5-FU, 5-Fluorouracil; ABZ, Albendazole; AmB, Amphotericin-B; APIti¥e pharmaceutical ingredient;
ASD, Autism spectrum disorders; BCS, Biopharmaceutical clasgircaystem; BDDCS, Biopharmaceutics drug disposition
classi cation system; BDP, Beclomethasone dipropionate; DTR&hRlene triamine pentaacetic acid; DTX, Docetaxel; GSK,
GlaxoSmithKline; LDL, Low-density lipoprotein; NCEs, New chemaraities; NSAID, Non-steroidal anti-in ammatory
drug; PAMAM, Polyamidoamine; PPI, Poly(propylene imine); PPO@PAMRblypropylene oxide cored PAMAM; PTX,
Paclitaxel; RIF, Rifampicin; Risp, Risperidone; TPGS, Tocopheraibhghene glycol succinate.
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substance has very high signicance in the developmeras griseofulvin and progesterone—for enhancing the sotybili
process Race et al.,, 1999; Valentino and Kwame, 2007; Liwhich led to improved digestive absorption, and consequently
2009. According to published literature, majority of the better bioavailability and clinical e cacyGhaumeil, 1998; Vogt
drugs recognized through high-throughput screening teciueis et al., 2008
possess some solubility concervgé.(and Benet, 2005; Guo et al.,
201). Cryogenic Approach

A report published byBenet et al. (2011which categorized The method was established to improve drugs' solubility by
698 Commercia”y aVailable, Ora”y administered immesliat deve|0ping h|gh|y porous nano-structured amorphous drug
release (IR) drugs using the Biopharmaceutics Drug Dispasitioparticles at very low temperature. After cryogenic processing
Classi cation System (BDDCS), stated 33% of those drugs i@y powder can be obtained through vacuum freeze drying
be under BCS (Biopharmaceutical classi cation SyStem) Clasayophinzation) spray freeze drying, atmospheric freeze mgy|

Il (i.e., high permeability and low solubility), and 6% of 8® etc. (umenthaler and Leuenberger, 1991; Leuenberger, 2002;
drugs to be under BCS Class IV (i.e., having low permeabilityyiliams, 2003.

low solubility) Benet et al., 20)1 The report estimated that

only 5% of new molecular entities (NMEs) under developmenjn.|usion Complex Formation-Based
by industry had both high solubility and high permeabilityGiS echniques P

Class 1), while another 5% were of BCS Class Ill. Approximatel . X ) ) )
70% of NMEs under investigation/development were BCS Cla 416 inclusion complexes are designed through inserting a non-
polar molecule or guest molecule inside the cavity of a host

Il compounds and 20% were BCS Class IV compourigsnet lecul K | lodextrin i |
et al., 201). Though many of these entities are highly potentmo ecule Pekama et al, 1998 Cyc o extrin IS an exampie
where the hydrophobic cavities provide a microenvironment

drug candidates, they are not taken further into the develepm ; . ed | lecul d thus f q
due to their limited aqueous solubility. In the recent years©" @PPropriate sized non-polar molecules and thus form drug
yclodextrin complex.

several e orts have been made to solubilize hydrophobic drug§
some of those strategies are brie y discussed in the follgwin

section. Micellar Solubilization Techniques
In this approach, surfactants are used to enhance the drug
solubility through reducing the surface tension, interédci
STRATEGIES FOR SOLUBILIZATION OF tension, solids wetting and the rate of disintegratidad(vard
HYDROPHOBIC DRUGS and Li, 2003 Non-ionic surfactants such as polysorbates,
Solid Dispersion polyoxyethylated castor oil etc. are commonly used for imprgvin

Solid dispersion is a process which involves at minimum wdhe squbiIizg’Fion Ofth? drugFga}ngeI-Yggui etal., 2005; ng et ‘,’jll"
di erent solid components, generally a drug of hydrophobiczooa' $0|Ubl|lty .of.v.arlous anti-diabetic drugs guch as glidazi
nature and a hydrophilic matrix. Commonly used hydrophilic glyburide and glipizide has been enhanced using the approach of

matrices are polyvinyl pyrrolidone (Povidone, PVP),m'Ce”ar solubilizationKisu et al., 2008

polyethylene glycols (PEGs) and Plasdone S630. Solubilitél . .

of poorly soluble molecules such as celecoxib and ritonaas w SUpercritical Fluid (SCF) Process

improved using solid dispersion through suitable hydrophilicOne of the nanosizing and solubilization techniques which
carriers such as povidone (PVP) [for celecoxib] and gelijéine  have been popular in recent years is supercritical uid (SCF)
ritonavir] (Abdul-Fattah and Bhargava, 2002; Gupta et al., 2004¢rocess. SCF is a uidic form of material whose temperature and
Sinha et al., 20)0However, the use of this method has beenpPressure are beyond its critical point, which allows the mater
limited due to fewer choices of suitable hydrophilic matriced0 possess the characteristics of both gas and liquid. When

forming stable solid dispersions. the material reaches near its critical temperature, it beesm
very compressible making it susceptible to drastic changes in
Nanosuspension terms of its mass transport properties and density upon small

Nanosuspension is a biphasic system consists of nano-rangelanges in the pressure. When the material is in its supecatiti
particles stabilized using surfactant molecules, has begggion, its properties including surface tension, densitycasy,

established as a potential strategy for the e ective delivéry solvency and di usivity are intermediate to its gas and lidjui
water insoluble APIs. The particle size range for nanosuspens states. Due to the unique properties, the solubilization ciypac

is generally 200-600 nnviuller and Peters, 2000 of the SCF signi cantly improves. Carbon dioxide is one of the
) ) _ popular SCF agents owing to its characteristics such as safety,
Particle Size Reduction cost-e ectiveness, low toxicity pro le, recyclability, antbn-

The solubility of a drug is fundamentally dependent on its ammability (Girotra et al., 2018 When the drug material is
particle size. As the size of drug particles decreases, tif@csur solubilized in the SCF it recrystallizes in the form of unifor
area increases leading to higher interaction of the drugipi@t  micron or nano-sized particles leading to its enhanced sitityb
with the medium; and hence improves the solubility of the(Sunkara and Kompella, 2002 'he major limitations associated
compound @lagden et al., 200.7The approach of particle size with SCF include the high cost and complexity of the operation
reduction has been applied in the past to drug molecules—sud@irotra et al., 2013
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Hydrotropy (1) the initiator core, (2) the interior layer, made up of
In this method, a large amount of second solute (hydrotropiaepetitive generations (units) connected with initiatorepand
agent) is added to the solute intended for solubilizatiomeT (3) the periphery (surface functionality). Representation of a
hydrotropic agents such as ionic, organic salts, which argypical dendrimer is shown inFigure 1, which includes all
composed of alkali metals or various organic acids, inceasé@mportant parts, i.e., core, branches and generationsr(alia
the water solubility of the rst solute, due to greater quipt et al., 1985 The rst dendrimer (by divergent method) was
of additives. The mechanism behind the improvement in thesynthesized byBuhleier et al. (1978)Denkewalter and co-
solubility is the weak interaction between the hydrotropagent  worker at Allied Corporation synthesized polylysine dendrime
(such as sodium benzoate and sodium acetate) and the pooity 1981. Although, the rst dendrimer was synthesized
soluble drug Badwan et al., 1983; Rasool et al., 2991 earlier, the term “dendrimer” was rst introduced in 1983.
Limitations of the conventional drug solubilization stegfies Donald Tomalia and co-workers synthesized and charactérize
(Pace et al., 1999; Bachhav and Patravale, )2hate led these hyper-branched polymers in 1983 at Dow Chemicals
to exploration and invention of newer drug solublization and these molecules were named as “Dendrimérdnjalia
techniques. Several colloidal and vesicular systems such eisal., 198h Later on dendrimer was synthesized using
liposomes, microspheres, nanoparticles and microemulsionspnvergent method for the rst time bydawker and Fréchet
have been studied for solubility enhancement and encapsulati (1990)
of hydrophobic drugs. However, the major constraint with e The rst synthesized dendrimers were polyamidoamines
approaches is the lack of their applicability to a wider varietf PAMAMS) introduced in 1980s; however, various other
of hydrophobic drugs I(akshmi and Ashwini, 2000 During  dendrimers including poly(propylene imine) dendrimers (PPI),
the last several years, nano-polymeric carrier “Dendrimertecto dendrimer, and amphiphilic dendrimers, were synthediz
has been widely studied in attempts to address the problems the later years Alper, 199). PAMAM dendrimers are
associated with the solubilization of hydrophobic drug nmikes.  also called as “Starburst dendrimers, a trademark of the
Dendrimers not only are able to overcome the above mentioneBow Chemicals CompanyTpmalia et al., 1990 The term

limitations of the existing drug solubilization methodsyttalso
0 er various added advantages for solubility enhancement.

DENDRIMER: DEFINITION, ORIGIN, AND
PROPERTIES

“dendrimer” comes from the word “Dendron,” which means
a tree. Newkome's group independently reported synthesis of
analogous macromolecules, and termed those as “arborols;’
which is derived from a Latin word “arbor,” which again
means a tree. Another term used for this highly branched
polymer structure is “cascade molecule.” Although these hype

branched molecules have multiple names, “dendrimer” is the

Dendrimers are large and highly branched polymers, thénostcommonly used termHuhleier etal., 1978; Newkome etal.,
structures of which are determined by three unique composent 1989.

Core

= Small molecule
= Nanoparticles

= Polymer
GO
. Gl 2 >
Generations G2
G3
G4

Surface groups

= Cationic, anionic, neutral
= Biocompatible

= Target-directing groups

FIGURE 1 | General representation of the model structure of a d endrimer.

Void space
= Space for molecular cargo

Branching

=Robust covalent structure
= Connect core to surface
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Dendrimer is a synthesized, multi-branched polymericinside the dendritic structure and the other one is the imstetion
composition where the branches of the polymer originate fronof the drug and the periphery of the dendrimer. While the
the core. Unique characteristics of dendrimers include rtheiformer one involves non-covalent forces including hydmoge
uniformly dispersed design, relatively spherical shape, atidgt bonds, hydrophobic interactions and electrostatic intéiats,
surface composition, multi-valency, aqueous-solubiliBnd the latter one involves covalent bond formation. Variougés of
available hydrophobic pockets/cavities at the interior vahian  drug-dendrimer interactions are shown Figure 2
encapsulate hydrophobe&<{fand and Tomalia, 2001; Svenson o . ) )
and Tomalia, 2006 PAMAM are the most widely used Drug Encapsulation in Dendrimeric Cavity
dendrimers [alik et al., 1999 Dendrimer can be easily tailored The internal architecture of a dendrimer is usually hydroptwbi
at the surface as well as at the interior layers which makes @ue to hydrophobic interactions and hydrogen bond formaton
a versatile host for encapsulation, complexation, conjugatioand is suitable for encapsulating hydrophobic drugs/bigvesst
and nally the delivery of a variety of therapeutic molecules (Medina and El-Sayed, 200%Higher generation dendrimers
Dendrimers are prepared by a repetitive synthesis proce§gve more capacity (in turn more space) to encapsulate
which correspondingly increases the generations and détersn  hydrophobic moieties. Though, with rising number of branegi
the physico-chemical characteristics of the dendrimer paidu and surface groups, the exposure of the interior sections of the
(Tomalia et al., 1985; Newkome et al., 1991 dendrimer to the continuous vehicle phase signi cantly redsic

Dendrimers are unique hyper-branched material with greadue to the “de Gennes dense packing” and structural-folding
versatility. They dier from conventional linear natured (Kiefer and Tomalia, 1989; Recker et al., 2000; Boas et al; 200
polymers in that dendrimers have compact and globular streestu Morgan et al., 2003; Medina and El-Sayed, 2009; Svenson and
which is not compressible, and have a spherical shape in contrasomalia, 201,
to the non-compact, compressible and irregular architecture The intensity of the interactive forces between the neighbo
of linear polymers Tomalia et al., 1985; Kiefer and Tomalia, functional groups within the molecule along with the propestie
1989; Tomalia et al., 19R0A comparison between linear of the bulk solution (i.e., pH, polarity, temperature, etc.)ypla
and hyper-branched polymer is summarized Tablel In @ major role in the “de Gennes dense packing” occurrence.
general, lower generation dendrimers possess open strycturhese properties of dendrimer can be exploited to modulate
and become globular, compact and dense with increasingjeé encapsulation and release of the drug molecules from
generations. Moreover, dendrimers are found to be analogoufe dendritic structures Jansen et al., 1995; Boas et al,
to some biological structures; for example, insulin, cytoae ~ 200). Although non-covalent drug complexation/entrapment
C, hemoglobin, prealbumin, and hemerythrin closely matcthwi in dendrimers is the preferred technique for solublization
ammonia core PAMAM G3 (3.1 nm in diameter), G4 (4 nm), G50f several drugs, such an approach has its limitations too;
(5.3nm), G6 (6.7 nm), and G7 (8 nm) dendrimers, respectivelyfor example, after exposure to biological uids the drug-
in terms of dimensional size and the shagefnalia et al., 2003; dendrimer structure can fail to control the release of the
Tomalia, 200} drug from the dendrimer pockets/cavitiesKgjima et al.,

2000; Liu, 2008; Kesharwani et al., 208e to insu cient
interactive forces between the drug and the dendrimer mdesc
DRUG-DENDRIMER INTERACTIONS (Wolinsky and Grinsta, 2008 However, if the dumping

Th lubilit h ¢ ; ¢ dendri h of the encapsulated drug can be minimized or avoided,
€ solubility ennhancement property of dendrmers has hysical encapsulation of drugs in dendrimeric cavities is an

encouraged researchers to understand the possible dendrimey, : hf lubilizati fh hobi
drug interactions. Several types of drug-dendrimer intéoars tractive approach for solubilization of hydrophobic drug

have been explored so far, which can be broadly divided into twi © €11

categories—one is the entrapment/encapsulation of drUgfyAPDrug-Conjugation

Terminal-functional groups of a dendrimer provide sites for
covalent conjugation of diagnostic, therapeutic and biatagi

TABLE 1 | Properties of dendrimers in comparison to linear poly mers molecules. Such a conjugation can be used to develop a
(Fréchet, 1994; Fischer and Vogtle, 1999; Inoue, 2000; Gauta m et al., 2015). prodrug. The Iinker/spacer can be used in preparation of
Property Dendrimer Linear polymer the drug-dendrimer conjugation to transform macromoleaul
functionality and release prole of the conjugated entities
Structure Compact and Globular  Not Compact (Svenson, 2009These linkers such as ester and amide groups,
Shape Spherical Random Coil acid labile acyl hydrazone or cis-aconityl groups, and disul de
Architecture Regular Irregular bridges covalently attach to the drugs and dendrimers and thu
Synthesis Stepwise growth Single step poly condensation ~ conjugate the cargo and the carrier. Studies have con rmed
Crystallinity Non-crystalline and Semi crystalline/crystalline the role of linkers inin vivo stability of dendrimer-drug
amorphous conjugates N{ajlah et al., 2006, 20p7Several attempts have
Aqueous solubility  High Low been made to attach drug molecules with dendrimers through
Non-polar solubility  High Low disul de linkages, which can be modulated by glutathione
Compressibility Low High inside the cells to control the release of the drug from
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FIGURE 2 | Possible drug-dendrimer interactions.

the complex Kobayashi and Brechbiel, 2003; Svenson anFACTORS INFLUENCING DRUG

Tomalia, 201). Dendrimers have also been successfully use§OQLUBILIZATION AND DELIVERY

for diagnosis iener et al., 1994; Kobayashi and Brechbiel,

2003; Mintzer and Grinsta , 2011; Svenson and Tomalia, $0120pen dendritic architecture of dendrimer provides opportuaii
Dendrimer based contrast agents o er tissue specicity, ddfor interaction with labile or poorly soluble drugs. Numersu
not su er from rapid excretion, and require smaller dose, andinvestigators explored and optimized the encapsulation and
hence are advantageous in comparison to the conventiongbmplexation of various drug molecules using dendrimers.
diagnostic agents. In addition, dendrimers have been sisfolly  Although, dendrimer mediated drug solublization and deliy
conjugated and delivered with various immunogenic protéors is an attractive approach applicable to a wide variety of drugs,
the purpose of vaccination@m, 1988; Bay et al., 1997; Ota et al.there are several factors—including, but not limited tce tiH of
2002. the solution, dendrimer generation, dendrimer surfaceuna of
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the dendritic core, and the concentration of the dendrimethie  while high-generation dendrimers adopt a globular architeet
solution—which can a ect this solubilization approach, an@éth which can carry multiple drug molecules on their surface as

outcome Figure 3). well as in the cavities inside the dendritic structure. k@&se in
generation of dendrimers increases the interior voids aadde
pH it increases the drug solublization properties. Kaanumallal et

Although the interaction of hydrophobes and surface amingeported 5-, 8-, and 24-fold increase in aqueous solubility o
groups (internal, peripheral, or tertiary) of dendrimers plays pyrene using rst, second, and third generations of poly(alky
crucial role in the improvement of drug solubility and the dyu aryl ether) dendrimers, respectivelitganumalle et al., 2004
delivery, protonation behavior and pH of the dendrimers areSimilarly, several researchers reported dendrimer-mediat
very important too. The periphery as well as the interior ofsolublization proportional to the concentration of dendrinse
the dendrimer is in uenced by the pH of the mediumvigiti  in the system Ristolis and Malliaris, 2002; Devarakonda et al.,
et al., 200§ Asthana et al. reported a proportional increase in2004; Yiyun and Tongwen, 2006Hn general, dendrimers of
the loading e ciency of urbiprofen in water using PAMAM lower generation are preferred over those of higher genemati
dendrimer (G4)—greatest at pH 10, intermediate at pH 7, ané@s these are less cytotoxic, less immunogenic and more
the lowest at pH 2 Asthana et al., 2005Several studies have biocompatible Duncan and l|zzo, 2005 In the past, we
reported an important role of pH in the solubility of various attempted to explore the capability of dendrimer mediated
drugs including ibuprofeni(liihem et al., 200)) ketoprofen and  solubility enhancement of three dierent hydrophobic drug
nicotinic acid (Yiyun and Tongwen, 20059,bwhen used in molecules including famotidine, indomethacin and amphater
combination with PAMAM dendrimers. It has been reported that B. The study concluded that the pH and protonation status play a
the possible mechanisms behind the solubility enhancemént &ey role in solubility enhancement of hydrophobic drugsupta
ibuprofen and ketoprofen are their ionization and electraista et al., 200).

interactions with dendrimer surface amines which are pH

dependent [flilhem et al., 2000; Yiyun and Tongwen, 2005a,b Nature of Dendrimer Surface

These studies clearly emphasize that the pH of the medium is &he cytotoxicity of the dendrimer is based on the chemistry
important parameter that can signi cantly a ect the dendrimer of its core and the surface. For example, the cytotoxicity of
assisted drug solubilization. The protonation state of demdr  cationic dendrimers on Clone-9 cells on a melamine-based
at the given pH must be considered when using dendrimetlendrimer library including amine, guanidine, carboxgat

mediated drug solubilization approach. sulfonate, and phosphonate modi cation, inferred that postiv
) ] charged dendrimers induce greater cytotoxicity in compariso
Generation of the Dendrimer to negatively charged dendrimerSigen et al., 2004 When the

As the generation of a dendrimer increases, its size ineeeasPAMAM dendrimer surface was modi ed using amino acids
accordingly, and with increasing size the shape of the demeiri  including lysine and arginine its cytotoxicity was sigrauatly
becomes more spherical and de ned. When the dendrimers arkigher in comparison to the unmodi ed PAMAM Choi et al.,
smaller in size, their structure is relatively loose and sned, 2009. Malik et al. reported that dendrimers with carboxylic

FIGURE 3 | Factors affecting dendrimer mediated drug solubiliz ation.
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acid groups on the surface—hence a negative charge—were nddature of the Solvent
toxic in various cell lines at or below 5mg/mL concentrationSolvents have ability to solvate the dendrimer, while ingasing
(Malik et al., 200 While at higher generations, dendrimer the conformation of the dendrimers. Generally, dendrimers
core becomes less accessible due to the branches and ihiellect great level of back-folding with diminished sation
surface groups of the structure, and the surface of theroperty. In comparison to higher generation dendrimers, low
dendrimer becomes less accessible due to steric hindranggneration dendrimers are more exible with their strucasr
small-generational dendrimers have loose structure antcbe and hence are more susceptible to back-folding when in an
an accessible core along with available surface groups fenvironment of poor solvation. When the solvent is acidic in
interactions. Various strategies including covering tleadrimer  nature for a basic dendrimer, or vice versa, there could be
surface with polyethylene glycol have been explored to addrea signi cant change in the dendrimer conformation, due to
the toxicity issue associated with the dendrimer surfddelik  the interaction between the dendrimer groups and the solvent
et al., 2000; lhre et al., 2002; Xyloyiannis et al., Y0TRis molecules. Chloroform, being a weakly acidic solvent, show
biocompatible surface provided by the molecules such as PESEgni cant hydrogen bonding with the NK groups at the
further improves the stealth nature of dendrimers in systemi surface and inner parts of the dendrimer leading to swelling
circulation (Singh, 200R of the dendrimer structure Ghai et al., 2001 Hypothetical
and investigational analysis on NHPPI and NH-PAMAM
Dendritic Core Properties showgd that the vehicles? which are not pplar in nature lead to
The interior architecture of a dendrimer is established bySUp?I’IOI’ m(_)lecular-densny at the dendritic-core due to Ibgc
. folding, while polar solvents solvate the arms of dendrimer
the nature of the core, the branching molecules and the

terminal arouns. A comorehensive and extended core ensurand induce higher molecular-density on the dendrimer exter
groups. A comp . o ?&upta et al., 200§aBack-folding of the polar surface groups
well-designed cavities/pockets and provides better eitbil

to the unimolecular dendritic architectureUppuluri et al., may render the hydrophobic dendrimer components unsuitable

2000. E ects of larger interior cavities because of selection o%o the. ambience leading to a reduced surface po!arlty O.f the
dendrimer. These aspects must be considered in achieving

an appropriate core was apparent from the augmentation in . - o
hydrophilicity of pyrene reported bilawker et al. (199ZndLiu dendrimer-mediated solublizatiorupta et al., 2009b
(2008) The solubilization of pyrene increased by 120-fold whe

a dendritic architecture synthesized using 3,5-dihydroeynzyl 'Presence of Salts
alcohol as the building block was used to improve the solybili
(Hawker et al., 1993Similarly, analogous unimolecular micelles
were synthesized using 4,4-bis(4-hydroxyphenyl) pentasd a
substitute of 3,5-dihydroxybenzyl alcohol which led to 36&1
increase in the solubility of pyrenéi(, 2009.

High concentration of salts has a strong e ect on charged PPI
dendrimers and favors a contracted conformation of dendis
with a high degree of back-folding. A similar e ect is obsatve
with ascending i ion concentration in the dendrimer solution,
and also when the dendrimer is poorly solvated. When the
concentration of the salt in the dendrimer solution is low#re
repulsion among the ionized groups on the dendrimer leads to
Concentration of Dendrimer unfolding of the dendritic architecturequpta et al., 2007 Tian
Studies have reported ampli cation in dendrimer-mediatedidr and Ma studied the e ects of multivalent salt ion concentoeti
solubilization when the concentration of the dendrimers inon the structural conformation of dendrimer and reported tha
the solution was increased.dch and Cohen, 1963; La et al.,when the salt concentration in the dendrimer solution inased,
1996; Liu, 2008 Although it is important that the dendrimer it led to contraction of the dendritic structureT{an and Ma,
concentration be appropriately selected while bearing in mind2010.

the potential toxicity and bioincompatibility issues assdbed

with dendrimers Kolhe et al., 2006 As the dendrimer surface Temperature

has amine terminal groups which lead to cationic toxicityln general, heat has a profound e ect on the behavior of
at higher concentration, there is a maximum safe dose fodrug molecule when in solution; especially the solubilizatio
dendrimers which is determined by its composition. If used afproperties of the drug may signi cantly change with change
an appropriately selected concentration below the toxic &velin temperature. Milhem et al. studied the heat e ects on
these carriers are excellent solubilizers. Chauhan etwaiesl  solubilization behavior of lbuprofen in combination with G4
the solubility of indomethacin with di erent concentratianof PAMAM dendrimers at various temperatures including 235,
NH2 and OH-terminated G4-PAMAM dendrimers and observed40 , 45, and 50C (Milhem et al., 2000 The drug solubility

a linear enhancement in the drug solubility with increasingincreased with an increase in the temperature; however the
concentration of dendrimers, in contrast to phase solupilit possible reasons for the unusual solubility pattern were not
studies Chauhan et al., 2003Similar Trends were observed by discussed in the report. Wang et al. studied the capacity of
Patel et al. when the solubility of aceclofenac in the presenanagnetic poly-(methyl acrylate-divinyl benzene) microsgise

of various concentrations of G-0 and G-3 PAMAM dendrimerswith amine terminated dendrimers on the surface for adsogoi
was investigatedHatel et al., 20)1For both the generations, hexavalent chromium and reported that the adsorption capacity
solubility of aceclofenac increased in a linear fashiorhveibh  of the microspheres increased with increasing temperature
increasing concentration of dendrimer. (Wang et al., 2002 However, it is important to note that
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hexavalent chromium is a heavy metal ion and is not a drug, antimited, because it has poor aqueous solubility, and it irefuc
adsorption is a di erent phenomenon than solubilization. The nephrotoxicity, which can cause permanent renal impairment
impact of temperature on dendrimer assisted drug solubilmat (Jose and Charyulu, 20)L.90se and Charyulu studied the e ects
is yet to be fully explored, and further research e orts arepf PAMAM dendrimers on aqueous solubility of AmB. The
warranted to understand the involved mechanisndsiif and results showed an enhancement in solubility of AmB when in

Tekade, 2013 combination with PAMAM dendrimers (G1). AmB solubility
in the dendrimer solutions improved in a relatively linear
SOLUBILIZATION OF EXISTING DRUGS way with increasing concentration of dendrimer. The solitypi

enhancement of AmB was attributed to the internal cavities

During the last few decades dendrimers have prove®f dendrimers which can encapsulate AmB moleculéss¢
their usefulness as solubilizersTaple2. The unique @and Charyulu, 2016 Two important parameters of dendrimer
properties of dendrimers including its superior host-guestmediated solubility improvement are the total area for cargo
chemistry, multivalent geometry, high aqueous soluhilitigh and the number of amino groups available on the dendrimer
encapsulation e ciency and the adaptable surface architectu particles; hence a higher generation of PAMAM dendrimer has
makes it an excellent drug solubilizing agent. Usually & greater capability to adsorb and interact with AmB molesule
generation dependent change in the properties and performandBan a lower generation one. A reported study has shown that
of a dendrimer is observed when used for drug solubilizatism  the solubility of AmB increases as the generation of dendrsn
shown inFigure 1, the structure of low-generation dendrimers increasest{u et al., 200}t The results showed that an increase in
(G1-G3 generation) are relatively open and asymmetric ipsha solubility of drug was completely dependent on the concendrati
and high-generation dendrimers have more compact structur@nd generation of the dendrimer. Dendrimers are considered a
and globular (G4 and above) shap8L(pta et al., 200§aThe static unimolecular micelles and their micellar structueamains
globular shape also accounts for the higher loading capacéity §table even at higher concentrations of solvehtsitkome et al.,
the drug inside the structure of dendrimers. In the following 1991; Hawker et al., 1993; Stevelmens et al.,)19%t e ect
section we will discuss the hydrophobic drugs for which theof pH on the solubility of AmB was reported in the order of
solubility has been improved using various dendrimers. A7-4> 10.0> 4.0 in PAMAM G3 dendrimeric formulationsjpse

summary of these drugs have been providedable 3 and Charyulu, 2016 At the pH of 4, only slight increase of
solubility was observed when compared to that at higher pH,
Aceclofenac i.e., 7 and 10. The reason behind this increase in solubiliiy

Aceclofenac is a phenyl-acetic acid derivative and beloags the interaction between surface amine groups of dendrimeds a
the class of non-steroidal anti-in ammatory drugs (NSAIDs functional groups of drug molecule. However, it is importaat t
used in the management of osteoarthritis, rheumatoid afigyr  note that the drug interaction with the dendrimer surfaceda
and ankylosing spondylitis. The use of NSAIDs is limitedhence its solubility can change with change in the pH of the
by their toxicity. Most common adverse e ects of NSAIDssolution, as discussed earliéf( et al., 2004; Jose and Charyulu,
are gastrointestinal discomfort, nausea, and diarrteali¢son, 2019. Our previous study has reported improved solubility of
1999. It is well reported that many of the NSAIDs can causeAmB when used with PPI dendrimeGupta et al., 2097

damage to esophagus, stomach, duodenum, small intestine

and large intestine upon oral administration at higher dosedlbendazole

(McCarthy, 199% Morevoer, as NSAIDs have poor aqueousAlbendazole (ABZ) is a broad spectrum anthelmintic agent
solubility, it is generally challenging to develop suitabbpical (Casulli et al., 2006widely used for the management of cerebral
or parenteral formulationsl(agrange et al., 20N(Aceclofenacis cysticercosis—a common public health issur(gde et al.,
practically insoluble in water. Reported studies have showan th 2009. Additionally, ABZ is under investigation in malignancy
the solubility of aceclofenac can be signi cantly enhanasihg ~ treatment ¢hao et al., 2003 Limited aqueous solubility is one
GO0 PAMAM dendrimers Patel et al., 20)1In the study Patel of the main challenges associated with ABZ (®r§dmL), which

et al., the e ect of pH conditions, concentration, temperatureis responsible for its poor bioavailabilityMu et al., 200k
and the generation of dendrimers were investigated and & waFernandez et al. used ethylenediamine core PAMAM dendrimers
concluded that the solubility enhancement was concerdrati in an attempt to improve the aqueous solubility of ABZ. G3
dependent. The e ect of dendrimer generation at constant pHPAMAM dendrimers (-NH terminated, —OH terminated) and
increased the solubility in an order of G8 G2 > G1 >  carboxylate terminal 0.5G, 2.5G, and 3.5G PAMAM dendrimers,
GO0. E ect of dendrimer pH on the solubility improvement of were used for investigating their e ect on solubilization/ABZ
aceclofenac could be due to an electrostatic interactiooragm (Fernandez et al., 20).1Studies suggest that the mechanism
NH; groups of dendrimer and COOH group of the drug. The behind the solubilizing e ect of dendrimers on ABZ could
aceclofenac solubility was found to be inversely proportidgaa be ionic interactions, hydrophobic drug-dendrimer intetans

the temperature of dendrimer solutioP@tel et al., 2091 and hydrogen bondingGupta et al., 200§bPrimary NH, on
o the surface and tertiary Njlat the interior sites of PAMAM
Amphotericin-B dendrimers can serve as hydrogen bond donors and acceptors,

Amphotericin-B (AmB) is a polyene antibiotic, commonly usedrespectively. ABZ also has proton-giver as well as receiver
for systemic fungal infections. The clinical use of AmB isgroups, so an intra-molecular hydrogen bond formation occur
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TABLE 2 | Dendrimer mediated solubility enhancement of drugs.

Drug/API Dendrimers used Structure References

Nifedipine Amine and Ester-terminated PAMAM Devarakonda et al., 2004
dendrimers

Artemether PEGylated lysine dendrimers Bhadra et al., 2005

Silicone dioxide PAMAM dendrimer

Neofotistou and Demadis, 2004

Nicotinic acid PAMAM dendrimers Yiyun and Tongwen, 2005a
Orange dye Lysine dendrimer Chapman and Morrison, 1994
Naproxen PAMAM dendrimers Yiyun and Tongwen, 2005a
Bengal Rose Polypropylene dendrimer Baars et al., 2000
Niclosamide PAMAM dendrimers Devarakonda et al., 2005

(Continued)
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TABLE 2 | Continued

Drug/API Dendrimers used Structure References

5- uorouracil PEGylated PAMAM dendrimers Bhadra et al., 2004

Ibuprofen PAMAM dendrimers Milhem et al., 2000

Pyrene Poly(aryl alkyl ether) Dendrimer Vutukuri et al., 2004

Pyrene PEGylated PPI Dendrimers Sideratou et al., 2001

Pyrene Polyether dendrimer Hawker et al., 1993

Piroxicam PAMAM dendrimers Wiwattanapatapee et al., 1999
Pyrene Polyether-PEG Dendrimer Liu, 2008

Pro avine Amphiphilic dendrimer Vutukuri et al., 2004

(Continued)
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TABLE 2 | Continued

Drug/API Dendrimers used

Structure

References

Pyrene Polypropylene imine Dendrimer

Pistolis and Malliaris, 2002

Mefenamic acid Citric acid-PEG-citric dendrimer

Namazi and Adeli, 2005

Pyrene PEGylated PAMAM Dendrimers Yang et al., 2004
Propranolol PAMAM and Lauroyl PAMAM dendrimer D'emanuel et al., 2004
Paclitaxel Polyglycerol dendrimer Ooya et al., 2003
Anthracene Polyether dendrimer Hawker et al., 1993

Flurbiprofen PAMAM dendrimers

Asthana et al., 2005

Methotrexate PAMAM dendrimer

Khopade et al., 2002

(Continued)
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TABLE 2 | Continued

Drug/API Dendrimers used Structure References
Indomethacin PEG polyethar dendrimers Kwon et al., 1997
Indomethacin PAMAM —OH dendrimers Chauhan et al., 2003
Benzoic acid Hhydroxyl-PAMAM dendrimer Beezer et al., 2003
Adriamycin PEG-PAMAM dendrimer Kojima et al., 2000
Methotrexate PEG-PAMAM dendrimer Kojima et al., 2000
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TABLE 3 | Recent reports of solubilization of various hydrop

hobic drugs using dendrimers.

Drug/API Dendrimers used Dendrimer Structure References
generation

Aceclofenac PAMAM dendrimer GO, G3 Patel et al., 2011

Amphotericin PAMAM dendrimer G1-G3 Jose and Charyulu,

2015

Albendazole PAMAM dendrimers G3, G30H, G2.5 and Fernandez et al., 2011
G3.5
Silybin PAMAM dendrimer G1.5, G2, G2.5, and Huang et al., 2011
G3
Docetaxel Dendrimer—TPGS mixed micelles G4 Pooja et al., 2014
Paclitaxel Dendrimer-TPGS mixed micelles G4 Pooja et al., 2014
Simvastatin PAMAM dendrimer G4-PAMAM-NH2, Kulhari et al., 2011
G4-PAMAM-OH and
G4-PAMAM-PEG
Haloperidol PAMAM 1,4-diaminobutane Core, G5 Katare et al., 2015

-NHy

(Continued)

Frontiers in Pharmacology | www.frontiersin.org

13

May 2017 | Volume 8 | Article 261



Choudhary et al.

Hydrophobic Drug Solubilization Using Dendrimers

TABLE 3 | Continued

Drug/API Dendrimers used Dendrimer Structure References
generation
Risperidone PAMAM dendrimers G4 Prieto et al., 2011
Fluorouracil Poly(amidoamine) G4 Buczkowski et al.,
dendrimer(PAMAM-NH2 G4) complex 2011
Beclomethasone PAMAM dendrimers G3, G4 and G4 Nasr et al., 2014
dipropionate
Candesartan Polyamidoamine (PAMAM) G4 Gautam and Verma,
dendrimers 2012
Paclitaxel Poly(butylene oxide) (B)—poly(ethylene G2 Zhou et al., 2013
oxide) (E) block copolymer B16E42
(BE) with a G2 PAMAM dendrimer
Ketoprofen PPO@PAMAM GO0-G5 Koc and Mehmet, 2013
Di unisal PPO@PAMAM GO0-G5 Koc and Mehmet, 2013
(Continued)
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TABLE 3 | Continued

Drug/API Dendrimers used Dendrimer Structure References

generation
Ibuprofen PPO@PAMAM GO0-G5 Koc and Mehmet, 2013
Imatinib (Propylene) imine dendrimers G5 Karthikeyan and

Vijayarajkumar, 2015

Rifampicin PAMAM G4 Bellini et al., 2015

between the proton of the amine group on the aromatic ringThe study also investigated the e ects of pH conditions on
and the carbonyl of the carbamoyl moiety of ABZ. The outcomesirug solubilization. The drug solubility in dendrimer saion
obtained by Fernandez et al. showed that the dendrimers haweas found to be the highest at pH 10.0 and the lowest at pH
the ability to improve the aqueous solubility of ABZ and other4.0. Low solubility of the drug at lower pH could be due to
hydrophobic drugs. It was concluded that both speci c hydnoge its unionized status which may not allow it to interact with
bonds and lipophilic interactions lead to improvement in thethe amine groups on the dendrimer surface. The study also
solubility of ABZ. The change in solubility augmentatiortiihe  investigatedn vivo performance of the drug dendrimer complex,
dendrimer types could be due to the type of the ABZ-dendrimeland reported a controlled release of the drug from the complex,
interactions, depending on the surface functional groups o&nd improved bioavailability. In a recent study by Diaz et al.

dendrimers Fernandez et al., 20).1 PEGylated G-4 PAMAM dendrimers led to 5-fold enhancement
o in the solubility of silybin. The study found that the drug wa
Silybin forming complexation with the dendrimer groups as well as with

Silybin is obtained from the milk thistle plantSilybum the PEG groups on the dendrimer surfa&4z et al., 201)7
Marianum, and has been used for many years as a natural

remedy for hepatitis and cirrhosis, and as a hepato-protectivBocetaxel

agent Kvasnicka et al., 2003; Tedesco et al., pOBéwever, Docetaxel (DTX) is one of the most commonly used drugs
the solubility of silybin is extremely low in both water and for the treatment of cancer due to its high e cacy and broad
oil, and it exhibits poor absorption in the gastrointestinal spectrum anti-cancer activity. This anti-cancer drug hasve
tract, which results in very low bioavailabilitBérzaghi et al., high cytotoxicity against various cancers including thasfe
1990; Morazzoni et al., 19p2Huang et al. investigated breast, lung, brain, pancreas, prostate, ovaries as well as head
various generations of PAMAM for solubilization enhancemenand neck Ringel and Horwitz, 1991; Horwitz, 1992The

of silybin at dierent pH conditions Huang et al., 2001 development of a drug delivery system for DTX is still a
Dendrimer concentration at 3TC was found to have a positively challenge for pharmaceutical researchers, because ofgts hi
linear correlation with the agueous solubility of silybifhe lipophilicity and inadequate aqueous solubilitygrdman et al.,
improvement in solubility was due to an electrostatic intdfan ~ 1996. The solubility of DTX in water is 3—8g/mL (Mathew
between the dendrimer surface groups and the silybin moécul etal., 1992; Alietal., 1997; Zaske et al., 2001; Hamada2d@6;
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Du et al., 200y. The marketed formulation of DTX, Taxotefe increased (low D/T ratio, 1:2), PTX solubility was obseriete

is formulated with 13% of ethanol and polysorbate-80 and eaus 14.33mg/mL with 6.87% encapsulation e ciency. Dendrimer—
anaphylactic hypersensitivity, hemolysis and cholestaSis{s TPGS mixed micelles were prepared and evaluated for their
et al., 1990; Bissery et al., 1992; Ellis et al., 1996; Loals, et e ects on the solubility and anti-cancer activity of PTX. The
2003; Marupudi et al., 200.7Pooja et al. used PAMAM with d- micelles showed a signi cant increase in the solubility oXT
a-tocopherol-PEG-succinate (TPGS) mixed-micelles to improv The maximum aqueous solubility and encapsulation of PTX were
the solubility of DTX. PAMAM dendrimers with diaminobutane observed at 1:2 dendrimer to TPGS ratio. The change in pH
(DAB) core with TPGS mixed micelles were prepared by solverdid not signi cantly a ect the solubility of taxanes(ooja et al.,
casting method. Di erent ratios of dendrimers and TPGS were2019. Micelles also displayed smaller size30 nm), sustained
used for determination of the e ect on the solubility of taxes release of encapsulated drug, and good physicochemical stabili
At equal mass ratio of dendrimer and TPGS (1:1), the DTXDuring haemolytic studies, micelles showed no haemolysis,
solubility in water was found to be 97.48 2.68mg/mL with  which indicated their biocompatibility and utility as caer
encapsulation e ciency of 44.62. As the TPGS concentratiorsystem. Anticancer activity of the drug was improved upon its
increased (low D/T ratio, 1:2), the DTX solubility was inased encapsulation in micelles while the toxicity to the healthy cells
to 116.67ng/mL, with DTX encapsulation of 55.59%. The e ectwas lower Pooja et al., 2004

of pH on solubility and encapsulation of DTX in dendrimer—  In another attempt to increase the aqueous solubility of
TPGS mixed micelles was studied by keeping dendrimer anithis taxol derivative, Zhou et al. studied the inuence of
TPGS at constant ratio of 1:2. Solubility and drug encapsaati dendrimer on PTX by using a linear-dendritic block copolymer
of DTX was not signicantly p > 0.05) changed with the The solubilization power of linear-dendritic copolymer (BE-
alteration in pH. DTX solubility at di erent pH was as follows: PAMAM) micelles for PTX was investigated in the study. The
107.32ng/mL at pH 5; 103.06g/mL at pH 7; and 116.6Tg/mL  study found that PTX was 3,700-fold more solubilized upon
at pH 9. The insigni cant p > 0.05) change in the solubility micellar encapsulation in 2% BE—PAMAM copolymer solution
of the drugs can be attributed to the lack of ionization groups(Zhou et al., 2013

in their structures. G4 PAMAM dendrimer structure is reported

to be responding to pH conditions because of the presence of

primary and tertiary amine groups but its low concentration in Simvastatin

mixed micelles could be a reason for the insigni cant e ect onSimvastatin is a synthetically derived lipid-lowering agieom

the solubility of DTX (ooja et al., 20)4 “statins” family which helps with controlling the cholestéand
_ other fat levels in the body. Major drawbacks associatett wit
Paclitaxel (PTX) this drug are its limited aqueous solubility, poor absorptfoom

PTX is a widely used anticancer agent due to its superiothe gastrointestinal tract and poor bioavailability§%) (Sharma

e cacy against various cancers. Its antitumor action isabgh et al., 200p Kulhari et al. studied simvastatin with dendrimer
inhibition of cellular proliferation by binding to the mictmbules ~ where the main purpose of the study was to assess the potential
of the cells and stabilizing them which leads to preventiorof three di erent G4 PAMAM dendrimersiulhari et al., 201)L

of depolymerization Ringel and Horwitz, 1991; Horwitz, It was found that the solubilization was highest with PEGgta
199). Due to poor aqueous solubility and high lipophilicity, dendrimers (33-fold), followed by N#i(23-fold) and OH (17.5-
formulating an appropriate delivery system for PTX has beeffiold) terminated dendrimers. Linear correlation was oleet
challenging. Besides, PTX is found to be a substrate for geetween solubility and dendrimer concentration when sditip
glycoprotein and multidrug resistance protein-1 mediatedi®, pro le of PEG dendrimer-SMV complex was measured. With
and hence it has poor e cacy in cells which overexpress p109.04M (0.4%, w/v) PEGylated dendrimer solutions, the
glycoprotein and multidrug resistance proteintlgrdman et al., solubility was increased from 33.4 to 1,0931®%ole/L (33-
1996. PTX solubilizes in the water at a concentration of 0.35-+old). The mechanism behind the enhancement of solubility i
0.7mg/mL (Weiss et al., 1990; Bissery et al., 1992; Ellis et athe interaction/complexation between simvastatin and iseyt
1996; Loos et al., 2003; Marupudi et al., 200he marketed amines of dendrimer, accessibility of voids for drug entramt)
formulation of PTX (TaxoR) contains 50% polyoxyethylated and hydrogen-bond formation. When the e ect of pH was
castor oil and 50% ethanol to solubilize PTX but it exhibitsstudied, maximum solubilization improvement was observed
many adverse e ects such as hypersensitivity, gastroinggsti in the order of pH 10.2> pH 7 > pH 5. As simvastatin is
toxicity and neutropenia. During formulation development of weakly acidic drug, it remains unionized at low pH (pH 5),
PAMAM dendrimers with diaminobutane (DAB) core-TPGS and the dendrimer amine groups remain protonated, which
mixed micelles, di erent ratios of dendrimers and TPGS weregesult in poor interactions of the drug with the dendrimer.
used for the determination of their e ect on the solubility The increase in solubility of simvastatin at higher pH (pH 10),
of taxanes (PTX)Kooja et al., 20)4 At equal mass ratio of could be due to the strong electrostatic interactions betwee-
dendrimer and TPGS (1:1), PTX solubility and encapsulatioprotonated dendrimers and the entirely ionized drug. Thedstu
eciency were 3.40 0.35mg/mL and 3.01% respectively. reported that dendrimer-medicated solubility of simvastatas
Increase in D/T ratio (i.e., more dendrimer concentration)dependent on the dendrimer surface functionality, dendnime
did not signicantly (p > 0.05) change the solubility and concentration and pH conditions during the studieEulhari
encapsulation of the drug; but as the TPGS concentration was al., 201).
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Haloperidol Xu et al., 201p Attempts toward improving the solubility of
Haloperidol belongs to antipsychotic class of drugs presdribe  BDP have involved the use of liposome formulations which
the treatment of acute psychosis, schizophrenia, and Taesett can o er the ability to solubilize the drug and localize its
syndrome. It has limited aqueous solubility and an enhaneeim action in the lung for prolonged periodsSgari et al., 1998,
in its solubilization is warranted for its successfl vivo 1999; Darwis and Kellaway, 2Q0To enhance the solubility
administration (Vialone and Waheed, 20n%Katare et al. used of beclomethasone, Nasr et al. complexed BDP with PAMAM
dendrimer nanotechnology for brain targeting of halopefido dendrimers (Nasr et al., 2014 The complexation depended
via the intranasal, intraperitoneal, and oral routegatare on generation and concentration of dendrimers and the
et al., 201p The study reported up to 100-fold increment in hydrogen ion concentration of the dispersion medium. It
haloperidol solubility when used with dendrimers, polysdea was observed that the amine terminated dendrimers (G3, G4,
20, and ethyl alcohol. It was found that the solubility of theand G4) formed more stable complexes with BDP compared
drug was improved using dendrimers at a concentration aso the ester terminated (half-generation; G4.5) dendrisaer
low as 0.25%, and it was 10 times higher in comparison t&eneration of the dendrimers also played an important role for
the enhancement observed with 20% ethanol, and seven timeshancing the solubility of BDP. G4 dendrimers showed the
higher than that with combination of 20% ethanol and 2%highest improvement in the drug solubility indicating thete
polysorbate 20. A cocktail of dendrimers (1%), ethanol (20%xolubility of this hydrophobic drug directly correlates tvithe
and polysorbate 20 (2%) resulted in an aqueous solution withydrophobicity of the dendrimer coreéNasr et al., 2014
haloperidol concentration of 1,228y/mL, while the aqueous

solubility of haloperidol without any solubilizer was foutnlbe ~ Candesartan Cilexetil

11.5mg/mL (Katare et al., 20)5 Candesartan Cilexetil is used for numerous cardiovascular
) _ diseases, as a calcium channel blocking agent. The periiggrabi
Risperidone this lipophilic drug through biological membranes is deterned

Risperidone is an antipsychotic drug, which is extensivelg use by water solubility and its lipid-protein partition coe cientn

the treatment of autism spectrum disorders (ASD)(rchesne relation to the stratum corneumJinghai et al., 1997Gautam

et al., 2007; Kumar et al.,, 2008; Marshall et al., pOT&e and Verma studied the e ect of full generation PAMAM (G4)
major drawbacks associated with risperidone are its lowagsie on the solubility of this drug. The study was performed at
solubility, poor bioavailability, low a nity to protein bindng, room temperature using puri ed water, and the concentration
and extensive rst-pass metabolisfdénnens et al., 1994Since of the drug was found to be 2.6%y/mL. It was found that
risperidone acts in the brain, it is essential not only to depe the enhancement in solubility of candesartan cilexetil chejse

a strategy to increase drug bioavailability by circumvegitist-  upon the concentration of the dendrimers and the highest
pass metabolism but also to achieve desired drug concemtrati  solubility was found at 10 mg/mL (373-fold). The enhanceien
the site of action, and to minimize the side e ectsymar et al., in solubility was concentration and generation dependent
2009. In a recent report, Prieto et al. successfully increased thgautam and Verma, 20)2

solubility of risperidone using G4 PAMAM dendrimeP(ieto

etal., 201). Ketoprofen
_ Ketoprofen is an NSAID used for the treatment of in ammation
5-Fluorouracil in rheumatic diseases Timothy, 200). Its use by oral

5-Fluorouracil (5-FU) is an antimetabolite uoropyrimidine administration is restricted due to its limited aqueoustgulity.
analog of the nucleoside pyrimidine with antineoplastic atgiv. ~ Also its use by topical and parenteral administration is riestd
There is a scope for improvement in the aqueous solubility oflue to its poor aqueous solubility. To enhance the solubility
5-FU which encouragedD@niel et al., 2004to formulate a of NSAIDs in water, various attempts were made in the past
system enhancing its solubility using dendrimeBa(iel et al., using di erent techniques such as addition of surfactantsl an
2003. The increase in 5-FU solubility was investigated and iformation of hydrophilic salts increasing the wettability can
was found that PAMAM-NH G4 dendrimer solution shows micronization of drug particlesakiko et al., 2000; Vergote
a linear correlation between 5-FU solubility and dendrimeret al., 200). Recently, Koc and Mehmet used a new class of
concentration. The increase in the solubility of 5-FU is do@n  dendrimers [polypropylene oxide cored PAMAM dendrimers
electrostatic interaction and hydrogen bond formationween (PPO@PAMAM)] to study their potential in enhancing the
the positively charged ammonium groups and non-dissociatedolubility of ketoprofen Koc and Mehmet, 2013 Solubility
amine groups of the dendrimers, and the 5-FU molecules whicbf the drug was improved with increasing core size of the
have a strongly negative uorine atomSi(igh, 2005; Buczkowski dendrimers. The improvement in the solubility of ketoprofen
et al., 201). Bhadra et al. have reported improved solubility ofwhen in combination with dendrimers can be because of

5-FU using PEGylated dendrimerBifadra et al., 2003 enhancement in the core size and the internal structure
_ _ of dendrimer molecules, which can facilitate the host-gues
Beclomethasone Dipropionate interactions and encapsulation of the drug molecules. It was

Beclomethasone dipropionate (BDP) is a corticosteroidound that the solubility enhancement with PPO@PAMAM was
prescribed for the maintenance treatment of asthma. The drug-fold higher in comparison to PAMAM with ethylenediamine
su ers from limited aqueous solubility§akhbakhi et al., 2006; core (Koc and Mehmet, 2003
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Di unisal Rifampicin

Di unisal is a widely used NSAIDEKrooks, 1998 NSAIDs are Rifampicin (RIF) is a bactericidal antibiotic agent from the
used as colon cancer chemopreventive agentsdthy, 200).  rifamycin family of drugs {lasters et al., 2005RIF is reported to
The limitation with the di unisal is its aqueous solubilityfo  be an essential component of the cocktail used in the treatment
overcome this issue, Koc and Mehmet attempted to enhanaaf tuberculosis Burman et al., 2001; Petri, 2001t has limited

the solubility of Di unisal by using PPO@PAMAM dendrimers aqueous solubility which also limits its clinical applications
at room temperature in bu er solution. From the experimental (Agrawal et al., 2004; Sosnik et al., 20Bellini et al. investigated
results, it was concluded that the solubility of diunisal RIFin combination with a G4-PAMAM dendrimer and reported
increased linearly with increasing concentration and gatien  that approximately 20 RIF molecules were getting loaded per
of dendrimer. Moreover, the size of the core for a constantnolecule of the dendrimerBellini et al., 201p The study
generation of the dendrimer was found to have a linearly pesiti reported that the drug-dendrimer complex was stable at néutra
correlation with the increment in the drug solubilizatio®n  pH conditions while it was labile at acidic pH conditions where
the basis of this, it can be concluded that with optimized gtud the drug molecules were rapidly releasing from the complex.
conditions, PPO@PAMAM dendrimers are potential solubikzer This unique characteristic of the complex can be exploited
for NSAIDs because of their polypropylene oxide cdfe¢ and for drug targeting for tuberculosis as the environment at the

Mehmet, 201R mycobacterium residential site in human body is acidic itume.
Overall, dendrimer o ers an advantageous drug carrier and
Ibuprofen targeting strategy against tuberculosis.

Ibuprofen is an NSAID and one of the most commonly used

medicine in the world (aine, 200). Its e cacy has been

long proven for various disease conditions such as arthritisCURRENT MARKETING STATUS OF
spondylitis, dysmenorrhea, gout, pericarditis and patenttdsic DENDRIMERS

arteriosus §imon, 1997; Lipton et al., 1998; Schnitzer, 2002;

Connolly, 2003; Ong and Seymour, 2003: Kean and Buchana’ﬁlthough several research publications have reported the
2005: Zo’chling ’et al 20D6—|owever’ due t,o the poor aqueous potential of dendrimers for solubilization of hydrophobicudys,

solubility of ibuprofen, its use in topical and parenteral clinical and commercial appli.cations of this approach in the eld
formulations has been limited. To minimize these limitatfoKoc of drug development and delivery are yet to be proven. Curyentl

and Mehmet aimed to assess the water solubilizing features g}ere is no marketed pharmaceutical product where dendrimer

PPO@PAMAM dendrimers. The study showed that dendrimerg1as been u§ed as a drug solubility enhancer;. howevgr, bevera
signi cantly improved the solubility of ibuprofen. At the raye other dendrimer based products are commercially availabie fo

of 0-2 mM dendrimer concentration the solubility of the drug \éarlogs;happllcatgpns. \élvatGil 'S a lcc:n:jmermallzed %indr'mer |
increased linearly. Solubility of ibuprofen was increasesnf ased therapeutic product—ormulated as a mucoadnesive gel—

0.12 to 19.06 mg/mL. At higher concentrations of dendrimersusecj in the treatment of bacterial vaginosis. It is reporteddoe

the solubility of this drug was lower because of precipitétior?mi\/iral as well as antibacterial properties. A phase 3 clinica
of drug-dendrimer complexes. The PPO@PAMAM dendrimeltrial investigating VivaGel for prevention of recurring bacterial
was found to have better solubility enhancing properties thaﬁ/aglnoss.has been recently complétdiowever the data have
ethylenediamine cored PAMAM dendrimers in the study. ThenOt been mterpreted and Fhe rgsults O.f the study are not. posted,
results suggest that the solublization power of dendritiocture as of April 7, 2017. While VivaGel is the only dendrimer

can be enhanced by altering the core size and other propefties lgased apprc_>ved product with the_r apeu_tic properties, several
the dendrimers Koc and Mehmet, 2013 other dendrimer based products including, SuperFeand

PrioFecf —transfection agents for molecular/cellular studies;
Imatinib Mesylate Stratu§ CS_—an'n vitro diagno;tic test sys_tem for_ measurement

of cardiac biomarkers; Alert Tickt—a diagnostic system for
nthrax detection; Starbur8t—commercially available PAMAM
endrimers; and Priostar—commercially available poly-lysine
based dendrimers, are available in the market for their
applications in a wide array of disciplines.

Imatinib (STI-571) is a low molecular weight, synthetic,
2- phenylaminopyridine derivative, which acts as a selectivg
inhibitor of the BCR-ABL fusion gene product, a tyrosine kiga
(Armstrong and Look, 2005 To address the issue of poor
agueous solubility of imatinib, Karthikeyan and Vijaydwanar
studied the drug in combination with PPl dendrimers (5.0G).
It was found that the solubility of imatinib was enhanced atCONCLUSION

pH 7.4 Karthikeyan and Vijayarajkumar, 20JL5A study has

reported that the dendrimers could play a role in solubility Physicochemical properties are important parameters to conside
enhancement as a result of electrostatic interactionsdiitmn ~ when it comes to formulation development of a drug entity.
to hydrogen bonding and molecular encapsulation in the casiti Various properties of the drug such as solubility, melting gpin
of the dendrimeric systemDevarakonda et al., 20p5Studies and polymorphism can aect the formulation development.
have reported that 5th generation PEGylated PPI dendrimeBolubility is among the most critical physicochemical atttési
increases aqueous solubility of imatiniDdvarakonda et al.,
2005; Karthikeyan and Vijayarajkumar, 2015 Lhttp://www.starpharma.com/news/308, accessed on April 4, 2017.
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of the drug substance, and yet a majority of newly discoveresolublization and delivery of drugs, the associated cationi
drugs are either hydrophobic or are poorly soluble in water. Tdoxicity is the major limitation with their use; however, $ace
overcome this challenge, researchers have been devisivey ne engineering of dendrimers using molecules such as PEG can
methods for drug solubilization. Dendrimers possess séveravoid or minimize this issue. In summary, like any other
unique features in terms of size, shape, branching lengtt, arsolubilization technology, dendrimer has its limitatiotm®, e.g.,
surface functionality that make them unique carrier for dru it could be toxic beyond certain concentration levels; hogre
solubilization. It is repeatedly shown that dendrimer is gfily  this hyper-branched three dimensional carrier has sucao#gsf

e ective and multipurpose polymeric architecture for solutyili demonstrated its solubilization and drug carrying capaéitya
enhancement of various drugs. Improvement of API solubilityvariety of hydrophobic drug molecules. Dendrimers are exgect
facilitates the process of formulation development. Varidugys  to have increasing impact on development of hydrophobic drugs
have been developed and investigated in the recent yearewhan the coming years.

dendrimers are used as solubility enhancer for the hydropobi

APIs. Upon reviewing the reported literature on dendrimersAUTHOR CONTRIBUTIONS

it is observed that although dendrimers improve the soltpili

and dissolution of various drugs, the enhancement dependSC is the key contributor in the preparation of this manuscript
on several physicochemical and experimental conditions sucind hence is the rst author. All other authors contributed
as pH and temperature of the medium, and concentratiorequally with preparation and revisions of the draft.
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are unimicellar systems and are generally stable upon diluti This work was partially supported by the University Grants
Surfactant based micelles are stable only above the triticdommission (UGC), New Delhi, India (Grant number: F.30-
micellar concentration while dendrimer, being a real moillec 18/2014-BSR) and Science and Engineering Research Board
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