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Hydrophobic ion pairing has emerged as a method to modulate the solubility of charged hydrophilic
molecules ranging in class from small molecules to large enzymes. Charged hydrophilic molecules are
ionically paired with oppositely-charged molecules that include hydrophobic moieties; the resulting
uncharged complex is water-insoluble and will precipitate in aqueous media. Here we review one of the
most prominent applications of hydrophobic ion pairing: efficient encapsulation of charged hydrophilic
molecules into nano-scale delivery vehicles — nanoparticles or nanocarriers. Hydrophobic complexes are
formed and then encapsulated using techniques developed for poorly-water-soluble therapeutics. With
this approach, researchers have reported encapsulation efficiencies up to 100% and drug loadings up to
30%. This review covers the fundamentals of hydrophobic ion pairing, including nomenclature, drug
eligibility for the technique, commonly-used counterions, and drug release of encapsulated ion paired

complexes. We then focus on nanoformulation techniques used in concert with hydrophobic ion pairing
Received 16th May 2019

Accepted 18th September 2019 and note strengths and weaknesses specific to each. The penultimate section bridges hydrophobic ion

pairing with the related fields of polyelectrolyte coacervation and polyelectrolyte-surfactant
DOI: 10.1039/c9na00308h complexation. We then discuss the state of the art and anticipated future challenges. The review ends

rsc.li/nanoscale-advances with comprehensive tables of reported hydrophobic ion pairing and encapsulation from the literature.

1 Introduction, overview, and section bridges the HIP technique with polyelectrolyte—poly-
) . ! ! electrolyte complexation (‘coacervation’) and polyelectrolyte—
terminology

surfactant complexation, related fields that have remained
largely unconnected from the hydrophobic ion pairing litera-
ture. We do not review another related field, nucleotide
complexation with cationic lipids to form lipoplexes or solid
lipid nanoparticles, but provide references to a number of

In the twenty years since Meyer and Manning's classic 1998
review,' hydrophobic ion pairing (HIP) has gained prominence
as a useful strategy for making charged hydrophilic molecules
into hydrophobic complexes. The technique has a number of
applications and has been used, among others, to dissolve
molecules in supercritical CO,,* dissolve enzymes in organic
solvents without losing activity,® improve intestinal adsorp-
tion*®* or skin permeation,”® or otherwise enhance
bioavailability.®

This review will focus on one of the most prevalent uses of
hydrophobic ion pairing: the complexation and encapsulation
of charged hydrophilic small molecule, peptide, or protein
therapeutics into drug delivery vehicles. The first section
summarizes the general rules for hydrophobic ion pairing. We
discuss drug eligibility and class-specific considerations, review
commonly-used counterions, and outline key parameters such
as counterion pK,. The third section focuses on formulation
techniques that have been used to encapsulate hydrophobic
complexes into nanoparticles, microparticles, and emulsions
for drug delivery. The fourth section discusses how ion paired
drug payloads are released from their delivery vehicles. The fifth

excellent reviews. At the end of the article we present tables to
organize the reported results of hydrophobic ion pairing used
for encapsulation. The tables are sorted by both therapeutic and
counterion for easy reference and rapid comparison (Fig. 1).

Hydrophobic ion pairing is the process of forming ionic
interactions™ between a charged hydrophilic molecule with an
oppositely-charged counterion.® The counterion contains at
least one hydrophobic domain such as an alkyl tail or aromatic
ring. The complexation increases hydrophobicity by two main
mechanisms: first, the molecule's natural charge is masked,
mitigating solubility in polar solvents such as water. Second, the
hydrophobic groups on the counterion, typically nonpolar
aliphatic tails or aromatic groups, help to coat the original
molecule's surface area with hydrophobic domains that exclude
water.

For our purposes, the charged hydrophilic is a drug or dye
and may be referred to as an ‘active pharmaceutical ingredient
(API) or ‘therapeutic.’ The counterion is referred to in the
literature as a ‘hydrophobic counterion,” ‘ion pair(ing agent)
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Fig. 1 Hydrophobic ion pairing schematic. (A) Possible charged groups (left) and hydrophobic moieties (right) for a counterion. (B) Stoichio-
metric ion pairing between a cationic API (blue) and anionic counterion. (C) Non-stoichiometric ion pairing. (D) Reversible ion pairing due to

inadequate binding or hydrophobicity.

many hydrophobic counterions used are surfactants, so the
term ‘surfactant’ may be used as well. The act of forming an
ionic association between the two species is termed either
‘hydrophobic ion pairing’ or ‘ionic complexation,” and the
resulting paired species is a ‘hydrophobic complex’ or ‘HIP
complex.” We will discuss later why we do not use the term ‘salt.’

Another important piece of terminology is the stoichiometry
between the two species. In the HIP literature, there is no
standard convention for reporting the ratio of hydrophilic
therapeutic to counterion. Molar ratio (reported either as a ratio
of x:y or as a fraction), mass ratio, charge ratio, and N/P ratio -
i.e. ratio of positive to negative charges, usually reported as
a fraction, from the lipoplex literature - have all been used.
Consider a 1300 Da peptide with five cationic groups that is
paired with five molecules of a monovalent counterion of
molecular weight 280 Da (Fig. 2A). Reporting ratios as drug:-
counterion, this complex has a molar ratio of 1 : 5 or 0.2, a mass
ratio of 0.93, a charge ratio of 1 : 1, and an N/P ratio of 1. Charge
and molar ratios are the most intuitive of these, and the x: y
ratio nomenclature is more intuitive than fractions.

We recommend that future researchers in the field use
charge ratios and report the ratio as ‘drug : counterion’ rather
than as a fraction. Charge ratio is a useful and intuitive
parameter in HIP, and should be reported whenever possible.
Both molecules’ degrees of ionisation may vary with pH; when
possible, the charge ratio should be reported at the pH of the
complexation.' When describing the charge ratio of a system
where one molecule is zwitterionic, researchers should note
whether their reported charge ratio is based on the molecule's
net charge or charge of only one type. We recommend the latter,
but this is not always possible for large proteins, where only net
charge can readily be determined. Consider the example above;
if the peptide had one anionic group in addition to five cationic

4208 | Nanoscale Adv., 2019, 1, 4207-4237

groups, the charge ratio of peptide cations (5) to counterion
anions (5) is still 1 : 1 (Fig. 2B). The peptide : counterion charge
ratio calculated from the peptide's net charge of (5—1=)4,
though, is 4 : 5 or 1 : 1.25, suggesting an excess of counterions
when none actually exists. Reporting the molar ratio along with
the charge ratio should clarify this point, provided an accurate
counting of what charged groups exist on each species is
included. In this review, we have converted reported stoichi-
ometries into charge ratios to facilitate comparisons.

2. Hydrophobic ion pairing

Hydrophobic ion pairing is an attractive technique for encapsu-
lating water-soluble therapeutics using formulation strategies
optimized for water-insoluble drugs. These strategies are desir-
able because new strategies to encapsulate hydrophilic molecules
in nano-scale delivery vehicles remain challenging.” Low drug
loadings, poor encapsulation efficiencies, and a lack of scalability
continue to prevent many liposome and nanoparticle formula-
tions of biologic therapeutics from reaching the market.”” The
potential benefits of encapsulation - targeting, protection from
enzymatic degradation, improved circulation time, enhanced
bioavailability, controlled release, reduced toxicity, and overall
improved drug performance - are strong driving motivations to
develop scalable, highly-loaded formulations with high encap-
sulation efficiencies.**** This is particularly attractive for biologic
(peptide and protein) therapeutics, whose circulation time
unprotected in the blood may be as low as minutes.*
Nanoparticle formulation strategies for hydrophobic drugs
have been developed to address the growing number of new,
strongly hydrophobic therapeutics.*>*® These techniques - oil-
in-water emulsions, nanoprecipitation, solid lipid nano-
particles, etc. — are designed to take advantage of a drug's

This journal is © The Royal Society of Chemistry 2019
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Mole ratio 1:50r0.2

Mass ratio 0.93

Charge ratio 1:1

N/P ratio 1

Mole ratio 1:50r0.2
Mass ratio 0.93

1:1 (API*:surfactant’)
1:1.25(API"®t:surfactant)

Charge ratio

Fig.2 Example schematic of hydrophobic ion pairing between a 1.3 kDa peptide and 280 Da anionic surfactants. When reporting charge ratio, it
is helpful to specify if the value given is based on the API's net charge (typical for proteins) or total number of one kind of charge.

hydrophobicity/lipophilicity. They do not translate easily to the
encapsulation of hydrophilic therapeutics.”” HIP solves this
problem by temporarily modifying the therapeutics to increase
their hydrophobicity and allow encapsulation. When the
modification is undone, the original hydrophilic therapeutic is
regenerated." We will discuss ways of controlling dissociation to
tune release elsewhere in the review. In many reported cases,
the de-complexed released therapeutic remains fully active; this
has been shown even for large proteins with tertiary structure-
dependent activity.*®

Modifying a drug’s solubility profile to make it more hydro-
phobic for encapsulation is also the goal of some prodrug
strategies;'* both techniques temporarily add hydrophobic
groups to a hydrophilic molecule.” Unlike prodrug approaches,
HIP does not modify any covalent bonds on the original API.
This is important from a regulatory standpoint: prodrugs
require full FDA approval but the requirements for hydrophobic
ion pairs may not be as stringent, depending on the other
changes made to the formulation.*

2.1 Thermodynamics

Mechanisms of solubilisation in aqueous solution. Why are
molecules soluble or insoluble in aqueous solutions? Under-
standing the fundamental mechanisms of solubilization helps
understand the principles behind HIP. The solubility or phase
behaviour of a species is determined by entropy and enthalpy.
Entropy is the state of disorder in a system and is determined by
the statistical number of configurations a system can attain. For
small molecules, that entropy is determined by the concentra-
tion of the solute in the solvent. The entropic contribution to
the chemical potential for a dilute solute in an ideal system is
pldeal — 0+ kT In x;, where y; is the chemical potential (u;o is
the chemical potential of the pure species) and x; is the molar
fraction of the solute. It can be seen that entropy always favours
dissolution, i.e. increasing the degrees of freedom in the system
is favoured.

This journal is © The Royal Society of Chemistry 2019

There is some subtlety with water as the aqueous solvent,
since the hydrogen bonding interactions between water mole-
cules adds an entropy contribution to the water solvent itself.>
That entropic contribution determines observations such as the
Hofmeister series, where the specific salt cations and anions
influence solubility.>® For this review, we will ignore this effect,
since the concept of counter ion binding and precipitation does
not require a detailed understanding of water structure.

Water is a unique solvent and is the strongest of the
hydrogen bonding fluids. The polarity of the water molecule
gives water a high dielectric constant: ¢ = 80. This is in contrast
to the dielectric constant of a hydrophobic oil phase (e.g
dodecane), which will have ¢ = 2. The dielectric constant
determines the strength of electrostatic interactions between
elementary charges. The interaction energy between a positive

]f q192

and negative charge in solution is F = >~ As the dielectric
e r

constant increases, therefore, the force holding ions together
decreases. Hydrophobic ion pairs stay insoluble in part because
they usually include large nonpolar groups that exclude water
from fully solvating the ionic-ionic interaction sites. The
hydrophobic ion paired precipitate or core of a NC has a low
dielectric constant, which magnifies the strength or the elec-
trostatic attractions. This same concept arises in the protein
literature, where the interactions between anionic and cationic
peptides in the hydrophobic core of a globular protein enhance
its stability. However, the same residues on the surface of
a protein would enhance its water solubility. It often remains
unclear if any water remains associated with the pair in
a nanoparticle core; the best data addressing this question
comes from studies of ionomers.>**’

2.2 Eligibility for hydrophobic ion pairing and commonly-
used counterions

Eligibility for hydrophobic ion pairing. For a therapeutic
molecule to be eligible for HIP, it must contain at least one
charged group. Many antibiotics contain amine groups that are

Nanoscale Adv., 2019, 1, 4207-4237 | 4209
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positively charged at physiological pH and can be used for this
purpose. Anionic carboxylic acid groups are also commonly
used as pairing sites in HIP. Molecules with a strong net charge
or only one type of charge are the most straightforward to
complex, since a single counterion species can be used. Zwit-
terionic molecules with both anionic and cationic charges
present a more complicated challenge; here, shifting the solu-
tion pH to turn off one type of charge can be an effective
strategy. This is presented in more detail below. Another
consideration for HIP eligibility is the molecule's charge density
(charge per molecular weight). Intuitively, adding a single
hydrophobic counterion onto a small molecule that has a single
charge and molecular weight approximately 300 Da will
increase hydrophobicity more than adding the same single
counterion to a peptide with one charge and a molecular weight
of 3000 Da, i.e. the charge per surface area is lower on the larger
molecule. Depending on the desired hydrophobicity of the final
complex, a given charged molecule may have too low of a charge
density, such that adding a hydrophobic counterion will not
sufficiently increase hydrophobicity to affect precipitation.

We typically do not use or recommend using the term ‘salt’
to describe the complexes formed by hydrophobic ion pairing,
because ‘salts’ are commonly understood to refer to crystalline
assemblies of stoichiometric amounts of oppositely-charged
ions. HIP complexes may be less crystalline than the original
drug used,”®?" and non-stoichiometric charge ratios are
common.

We pause here to briefly address the field of nucleic acid
encapsulation and delivery. Nucleic acids — plasmid DNA, linear
DNA, siRNA, mRNA, etc. - have been packaged into solid lipid
nanoparticles (SLNs) or lipoplexes through ionic complexation
between cationic lipids and the nucleic acid's anionic phos-
phate backbone. This strategy shares a number of similarities
with hydrophobic ion pairing, with a few notable exceptions.
The most significant is that the regular charge along the
phosphate backbone gives nucleic acids a strong, uniform
charge density along the molecule. This is different from the
small molecule, peptide and protein therapeutics discussed
here, which often have less ordered regions of hydrophobicity
and hydrophilicity/charge. For the reader familiar with HIP but
not SLNs/lipoplexes, we recommend a number of reviews.*'"*’

Common counterions. Because the counterions used for
hydrophobic ion pairing should contain at least one charged
group and at least one hydrophobic domain, ionic surfactants
are common. These may be either anionic or cationic and
typically contain either one or two charged groups. Fatty acids
or other carboxylic acid-containing surfactants such as oleic
acid, stearic acid, or deoxycholic acid, or their sodium salts,
have been extensively used. Pamoic acid, which has two
carboxylic acid groups, has been effective in cases where fatty
acids were not.*® Sulfates are also popular, most frequently
sodium dodecyl sulfate and sodium docusate. Two-tailed
phospholipids such as dimyristoyl phosphatidyl glycerol have
been used as well. Anionic polymers such as dextran sulfate
have also been investigated, most frequently for complexation
with multivalent peptide or protein therapeutics. Though HIP
language has been used to describe this kind of polyelectrolyte
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complexation, the mechanisms differ in important ways. That
distinction is the subject of Section 5 of this review (Table 1).

The most common cations in the HIP literature are quater-
nary amines and alkylamines (see Table 2). Quaternary amines
are permanently charged, so complexation is possible over
a wider range of pH values than primary, secondary, or tertiary
amines. The permanent charge is usually cytotoxic, and using
quatamines adds toxicity to otherwise nontoxic formulations.*
A wide variety of quaternary amines is commercially available,
with varying lengths and numbers of alkyl tails that lead to an
easily tuneable range of hydrophobicities.*” Researchers have
recently reported efforts to synthesize arginine-based cationic
surfactants for HIP, which should be both biodegradable and
non-cytotoxic.**

Specific considerations by drug molecule class

Small molecules. Many small molecule drugs have only one
ionic group. Depending on the pK, of the ionic group and the
drug's solubility, HIP is relatively straightforward and can be
carried out in water. In a typical ‘pre-forming’ scenario for
hydrophilic small molecules, the drug and counterion are each
dissolved in water and mixed to form a precipitate."*** It is
worth noting that small molecules with ionizable groups may be
manufactured either as a salt or in the free acid/base form. The
free acid/base is usually less soluble in water than the salt, but
might not be hydrophobic enough for a desired encapsulation
strategy.*® Since species must be charged in order to ion pair,
salt forms of the drug and hydrophobic counterion may be
preferred. When the drug is manufactured in the free acid/base
form, conversion to a readily-dissociating salt form (e.g. mesy-
late, ammonium, or sodium) before HIP may assist complexa-
tion. A drawback of this approach is that it increases the
solution's overall ionic strength, which can drive decom-
plexation and drug release from a delivery vehicle by ion
exchange.?****> Researchers should examine the effect of ionic
strength on their specific systems to determine if one charge
equivalent of soluble counterions such as sodium or ammo-
nium will noticeably affect release.

Some ionic small molecule drugs such as lumefantrine (for
structure, see Table 3) are already hydrophobic, so it is not
possible to form an aqueous solution as the starting point for
HIP. Hydrophobic ion pairing an already-hydrophobic drug can
be useful - for example, to decrease drug crystallinity*****” - but
the complex formation is more challenging. Lumefantrine's
tertiary amine has a pK, of 8.7, but the drug's log P of 9.2
severely limits its ability to dissolve, and the amine to become
charged, in water.*® Dissolving lumefantrine free base in
a nonpolar solvent such as tetrahydrofuran guarantees disso-
lution, but the extent of the amine's charge is more difficult to
control and measure in a non-aqueous environment. As
mentioned above, conversion to a salt form before complexa-
tion may be useful (Table 4).

Peptides. Many antibiotic peptides such as nisin and colistin
(for structure, see Table 3) are cationic and strongly water
soluble, with log P values less than 0. Basic amino acid residues
in the peptide (lysine, histidine, arginine) are positively charged
at physiological or acidic pH and are sites for ion pairing. Some
cationic peptide drugs are manufactured as sulfate salts that

This journal is © The Royal Society of Chemistry 2019
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Table 1 Example anionic counterions used in hydrophobic ion pairing
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Name Structure MW, Da pKa log P Used to pair with
OH O
1-Hydroxy-2-naphthoic acid (xinafoic acid) OO OH 188.2 3.02 2.6 AZD2811 (ref. 38 and 89)
(0]
1]
2-Naphthalene sulfonic acid (NSA) E-OH 208.2 -1.8 2.14 Atazanavir*®
5.83
Brilliant blue FCF 792.8 and —1.45 Atenolol™*®
6.58
Bovine serum albumin®®
56
PEG length Lysozyme
Carboxy methyl polyethylene glycol (CM-PEG) not given r-met-HuGdNF™®
Colistin"**
Doxorubicin'*?
Cholesteryl hemisuccinate 486.7 5.8 8.5
AZD2811 (ref. 38 and 89)
Bovine serum albumin®®
L . Lysozyme®®
Cholic acid (sodium cholate) 408.6 4.98 2.02 |\ ot HuGdANF®®
Insulin'®’
o}
Decanoic acid (sodium decanoate/sodium caprate) /\/\/\/\)J\ 194.3 4.9 4.09 Octreotide”®®
OH
0 Insulin*
. . . H, 0)\/\/\/\/\/\/\/\ . .
Dimyristoyl phosphatidyl glycerol (DMPG) /1/\"53\’0\}:\/0\(\/\/\/\/\/\/\/ 666.9 1.89 9.2 Salmon calcitonin®
o ow )
o Doxorubicin”
l § A Gefitinib®
Dioleoyl phosphatidic acid (DOPA) /Y\ oh 701 1.3 13.2
Docosahexaenoic acid 328.5 4.89 6.75 Doxorubicin”
Doxorubicin'*®
Thymopentin>®
Hexadecylphosphate 320.4 6.38 Tobramycin'®
o
) . . HO' A . 61
Linoleic acid N 280.5 4.77 6.8 Vancomycin
- H\(W
]
N,N-Dipalmitoyl-i-lysine /—/J o Colistin**®
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Table 1 (Contd.)
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Name Structure

MW, Da

PK,

log P Used to pair with

Oleic acid (sodium oleate also used) 282.5

OH

Pamoic acid (disodium pamoate also used) 388.4

(U

Sodium acetate 82

Sodium cholesteryl sulfate 466.3

Sodium decanesulfonate (SDES)

Sodium deoxycholate 392.6

Sodium docusate (AOT, sodium dioctyl sulfosuccinic acid, /\/\C 025y, ©
. ) . o 444.6
sodium bis-2- ethylhexyl-sulfosuccinate)

4212 | Nanoscale Adv., 2019, 1, 4207-4237

2.68

4.7

3.13

4.65

—-0.75

AZD2811 (ref. 38 and 89)
Berberine®*
Desmopressin
Dorzolamide®*
Doxorubicin'*®'*!
Insulin86,102,162

Leuprolide

77,86

86,94,101

6.78 Lumefantrine*®

Lycobetaine'®

Lysozyme®”>®
Octreotide®®

07439 (ref. 43 and 154)
Polymyxin B”®

Salmon calcitonin®
Vincristine'®*

AZD2811 (ref. 38)
Bovine serum
albumin®®®
Cinnarizine*”

6.17 Clozapine®’

—0.2

4.2

Donepezil'®®

Insulin’®®
Leuprolide
Polymyxin B”®
Doxorubicin®
Propanolol®
Quinidine sulfate®*
Verapamil®'

165

Colistin'*®

3.75 Doxorubicin™®

3.8

5.2

AZD2811 (ref. 38)

Bovine serum
albumin®®®
Ciprofloxacin®®
Insulin80,93,165
Lanreotide®®
Leuprolide'®®
Mitoxantrone diHC]”®
Octreotide®?®

Papain®’

Salmon calcitonin®®
o-Chymotrypsin'®’
Atazanavir®®

AZD2811 (ref. 38 and 89)
Bevacizumab'®®
Bovine serum
albumin®®'%°
Cisplatin®
Concanavalin A
Desmopressin®®77:86:170
Doxorubicin'*®
Gentamycin82,117—119,171
Irinotecan®’
Lanreotide®®
Leuprolide45,84,86,1 10,172
Lysozyme®®
Minocycline'”?

167

This journal is © The Royal Society of Chemistry 2019
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Name

Structure

MW, Da

PK,

log P Used to pair with

Sodium dodecyl benzenesulfonate (SDBS)

Sodium dodecyl sulfate (sodium lauryl sulfate)

Sodium laurate (sodium dodecanoate)

Sodium r-octadecyl sulfate (sodium stearyl sulfate)

Sodium stearate (stearic acid also used)

Sodium stearoyl glutamate (SSG)

Sodium taurodeoxycholate (STDC)

Sodium tetradecyl sulfate

Sodium tripolyphosphate

This journal is © The Royal Society of Chemistry 2019

9
/\/\/\/W\O—§‘O- Na*
o 288.4

" 222.3

0.0
= \/\/\/\/\/\/\/W
s 372.5

NSD 306.5

H
Oy N o Na*
\/\/\/\/\/\/\/\j Hk 435.6

i 0 5 % 4907

316.4

Na 367.9

4.95

4.7

—0.94

—-1.1

0.89

Mtb8.4 (ref. 174)
Naloxone'*’
Naltrexone''”
Octreotide’
r-met-HuGdNF>®
Tobramycin'”®
Trypsin'®’

Vancomycin'”®

3.73 Polymyxin B”®

Bovine serum albumin®®
Desmopressin’”**®
Dorzolamide®!

IGG-Fab fragment®®
Insulin®9:58:84:86,111,177,178

16 Irinotecan®’

" Leuprolide#*8¢
Lysozymels‘56’57
Melittin'%®
Octreotide®>°°
Polymyxin B”®
r-met-HuGdNF>®
Bovine serum

5.3 albumin®®®

" Insulin'®®
Leuprolide
Desmopressin’’
Lanreotide®®

165

6.8

Desmopressin’’
Doxorubicin®
Propanolol®

8.23 Quinidine sulfate®
Verapamil®'

Bovine serum
63 albumin®®®
" Insulin'®®
Leuprolide
Doxorubicin

Idarubicin®®

165

72,95,116

4.5

Doxorubicin®®

Idarubicin®®
5.04

—1.9 Irinotecan®
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Table 1 (Contd.)

Name Structure MW, Da pKa log P Used to pair with
Bovine serum albumin®®
Lanreotide®®
Lysozyme®®

Taurocholic acid (sodium taurocholate also used) 515.7 1.4 0.79 r-met-HuGdNF>®

Vitamin E (a-tocopherol) succinate o

dissociate readily in water and do not have the same solubility
and ionization challenges as hydrophobic small molecules. For
peptides with only cationic charges such as polymyxin B,
aqueous complexation with anionic surfactants is straightfor-
ward. Zwitterionic peptides are more challenging, however. If
a peptide contains both cationic and anionic groups, it is
possible that complexing only the cationic sites and leaving
anionic sites charged and exposed (or vice versa) will impart
sufficient hydrophobicity for the desired application. This is
especially true when one kind of charged site significantly
outnumbers the other, as in the case of a COOH-terminated
peptide with five cationic sites. Complexing five out of the six
charged sites with hydrophobic counterions may reduce water
solubility enough to enable encapsulation.

When there are approximately the same number of cationic
and anionic sites on a zwitterionic peptide, though, complexing
only one charge may not be sufficient. It is preferable to use only
one counterion species to complex a molecule, rather than
adding both anionic and cationic hydrophobic counterions
(which will invariably pair with each other and precipitate,
complicating stoichiometry and adding difficult-to-separate
insoluble salts to the system) in an attempt to complex every
charged site. In this case, shifting the pH to turn off one type of
charge is a valid approach. Consider insulin, a 5.8 kDa peptide
with 51 residues, 6 of which are cationic and 6 anionic. Insulin
has no net charge at its isoelectric point at pH 5.3. Researchers
have reported shifting the solution pH either up or down from
5.3 to deprotonate insulin's basic residues or protonate its
acidic residues, respectively.*>**-** With only one type of charge,
the peptide can then be hydrophobically ion paired (Fig. 3).

Researchers should consider several factors when using a pH
shifting strategy. First, peptides are subject to degradation
under basic conditions, so shifting the pH to strongly acidic is
likely preferable.*® Second, the complexing counterions are
subject to protonation or deprotonation under extreme pH
conditions as well. Insulin has only cationic charges at pH 1.5,
but an anionic fatty acid counterion such as oleic acid (pK, ~ 5)
will be protonated under those conditions too. A much more
acidic counterion such as sodium dodecyl sulfate (pK, —1.5) or
sodium docusate (pK, —0.75) must be used. These sulfate
surfactants are less biocompatible than fatty acids, in part
because of this difference in pK,. The same considerations

4214 | Nanoscale Adv., 2019, 1, 4207-4237

ATy 5308 4

IGG-Fab fragment®

10.2 Doxorubicin'®®

apply when shifting the pH to basic. Quaternary amines may be
the only groups to reliably retain their cationic charge at a high
PH, but using these cytotoxic surfactants to complex an anionic
peptide presents its own challenges.

Proteins. Protein therapeutics are commonly zwitterionic,
and all the considerations of net charge, ratio of basic to acidic
residues, pl, and pH shifting that apply to zwitterionic peptides
also apply to proteins. An additional complication when com-
plexing proteins is their sensitivity to denaturation. Some
surfactants such as sodium dodecyl sulfate disrupt tertiary
structure and cause proteins to denature.®® Using ‘gentler’
surfactants such as fatty acids may cause less degradation, but
might also prevent the pH shifting approaches discussed above.

A popular model protein for hydrophobic ion pairing and
encapsulation is lysozyme, which is cationic at physiological
pH.'®°¢*° Lysozyme's enzymatic activity can be easily measured
via a cell lysis assay; therefore, testing whether or not the
protein was denatured during complexation, encapsulation,
and release is straightforward. Devrim et al. found that even
when using sodium dodecyl sulfate as an ion pairing agent,
released lysozyme retained over 80% of its enzymatic activity."®
Yoo et al. reported that the enzyme was more stable in DMSO
when ion paired using SDS or oleate, and postulated that HIP
complexation could help stabilize a protein's tertiary struc-
ture.”” Notably, lysozyme tends to refold into its native active
form, so not all techniques that claim to ‘retain’ the protein's
activity will do so for all enzymes.

2.3 Key parameters for hydrophobic ion pairing

The following section is intended to guide the reader in
choosing an effective hydrophobic counterion for a given
encapsulation and/or delivery system. It is important to note
that the goals for a given delivery system - e.g. drug chemistry,
drug loading, encapsulation technique, biological target,
release profile, etc. — are the most important factors when
choosing a suitable counterion. This section will overview how
parameters such as drug : counterion charge ratio and coun-
terion chemistry affect those goals.

Counterion chemistry: hydrophobicity. The log P, the loga-
rithm of the octanol-water partition coefficient, is a typical
measure of hydrophobicity that is convenient for HIP. For

This journal is © The Royal Society of Chemistry 2019
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Table 2 Example cationic counterions used in hydrophobic ion pairing

Name Structure Mol. wt. pK, log P Paired with
)Nli o Daptomycin*’
s a41
Arginine-hexadecanoyl ester (AHE) HoN NA/N\CHs 398.6 0.19 Heparin
15
NH,
NH o Daptomycin*’
. J]\ Heparin®'
Arginine-nonyl ester (ANE) HNT N cn, 300.5 —0.06
H A
NH,

Benethamine(N-benzyl-2-phenylethanamine) @JNH : 211.3 3.6  Retinoic acid®>'%%'"?

NH,
. 4 O, HO' . . .
Chitosan °&0% ~ Varies Insulin®?®

Dodecylamine (laurylamine) M~~~ 1853 10.6 5.2 Retinoic acid*®17114
. . . . . N/ Ovalbumin®®
Hexadecyl trimethylammonium(cetrimonium) bromide N
(C;(AB)CY v um( um) B\ 364.5 — 2.69 Pemetrexed'®?
"

Poly(L:C)**

A

H,C

Maprotiline l (' I

? COOCH;
OH u
N*-Deoxycholyl-i-lysyl-methylester 534.8 3.8 Pemetrexed’
H ) ;

277.4 10.5 5.1  Retinoic acid'*®

H
N,N'-Dibenzyl ethylenediamine(benzathine) @ﬂN/\/N 240.3 2.86 o-Lipoic acid®”
H
CHy
N,N-Dimethyl dodecylamine (DDA) »‘I‘\/\/\/\/\/\/C“" 2134  9.97 5.91 AmS80 (ref. 40)
HyC
CHs
N,N-Dimethyl hexylamine HaC ,L 129.2 104 2.72 AmS8O0 (ref. 40)
W\/ ~ CHs
[
N
N,N-Dimethyl octadecylamine(dimethyl stearamine) in/\\/Z) 297.6 8.8  AmS8O0 (ref. 40)
Ill
N‘ll
Stearylamine(octadecylamine) 269.5 10.7 7.7  Retinoic acid*®¢>'%7'1*
HiC™\_ ~"CHy Bromothymol blue®®
Tetrabutyl ammonium bromide (TBAB) NG BT 3224 — 21 Rosebengal®
HiC—""" > \_-CH,
N~ tsoniazid
. ) soniazi
Tetraheptyl ammonium bromide (THA) 490.7 — 8.16 z 179

/\/\/\/ \/\/\,\ methanesulfonate

Bromothymol blue®®

CHy
) ' e (\/\ Rose bengal®®
Tetrahexyl ammonium bromide ‘\_\v—é_\_\* 4346 — 6.16
CH;
HC Br

This journal is © The Royal Society of Chemistry 2019 Nanoscale Adv., 2019, 1, 4207-4237 | 4215


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00308h

Open Access Article. Published on 01 2019. Downloaded on 04.12.2025 21:38:06.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online

Review

Table 2 (Contd.)
Name Structure Mol. wt. pK, log P Paired with
Br Bromothymol blue®®
. . NN TN NN 66
Tetraoctyl ammonium bromide (TOAB) \/\/\/\/N\/\/\/\/ 546.7 — 9.16 Rose bengal
‘+/\/ Isoniazid

Tet 1 ium bromide (TPA NN 3785 — aa

etrapentyl ammonium bromide (TPA) CT\/\ Br methanesulfonate'”®

Triethylamine (TEA)

a given charged head group, the longer or more saturated an
alkyl tail, or the more alkyl tails, the higher the log P. Stearic
acid (lipid number 18 : 0), for example, has a higher log P than
both capric acid (lipid number 10:0) and oleic acid (lipid
number 18:1). Quaternary amines also follow this trend,
though their alkyl tails are fully saturated. Dimethyl dihexadecyl
ammonium bromide (two methyl tails and two C tails) is more
hydrophobic than CTAB (three methyl tails and one Cy¢ tail),
and tetraheptyl ammonium bromide (four C, tails) is more
hydrophobic than tetrabutyl ammonium bromide (four C,
tails). Note that log P values for a free acid/base or an ionized
surfactant may be different when reported from measurements
or calculations. In general, the higher the log P of the coun-
terion used, the higher the log P of the resulting complex.***

The most hydrophobic counterion is not always the best to
use. Increasing alkyl tail length or number of tails increases
molecular weight, meaning the final complex will have a lower
mass fraction of drug. This drives down drug loading in
a delivery vehicle, all else (charge ratio, encapsulation efficiency,
etc.) being equal. Availability and cost are another factor, since
not all fatty acids or quaternary amines are commercially
available at high purity and low cost. Solubility limitations are
discussed in the following paragraph. Finally, comparing log P
values among fatty acids is straightforward, but it is difficult
a priori to compare the effect of a fatty acid vs. a bile acid or
other carboxylic acid surfactant (e.g. oleic acid vs. pamoic acid,
which is divalent) on complexation.

Extremely hydrophobic counterions, particularly those with
protonated (free acid) carboxylic head groups, are difficult to
dissolve in water for ion pairing. For the pairing to be effective,
care should be taken to ensure that both species are dissolved
and ionized prior to complexation. We recommend using
a counterion's most water-soluble salt form, usually a sodium
salt for anions and a bromide salt for cations.** For example,
oleic acid is sparingly soluble in water, but sodium oleate is
water-soluble up to 10 wt%.%>*

When choosing among different counterions with various
log P values, it is important to keep in mind why HIP is needed.
This will vary by the encapsulation technique used. For
example, when using nanoprecipitation, the primary goal of

4216 | Nanoscale Adv., 2019, 1, 4207-4237
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101.2  10.8 1.65 Retinoic aci

complexation is to decrease water solubility. When using an
emulsion or SLN approach, however, the main goal is to increase
lipophilicity. These distinctions will be discussed in further
detail in Section 3, which focuses on encapsulation strategies,
but we will give a brief example here. Consider vancomycin,
a 1450 Da peptide with a single ionisable primary amine. We
have found that vancomycin cannot be made to precipitate in
Flash NanoPrecipitation, even using HIP, due to its low charge
density. Kalhapure et al.,, however, improved vancomycin
encapsulation efficiency from 16.8% to and 70.7% by pre-
forming a vancomycin : linoleic acid complex prior to formu-
lation by hot homogenization and ultrasonication using the
solid lipid Compritol 888 ATO and additional surfactants.®* It is
likely that vancomycin's increased lipophilicity, rather than
improved hydrophobicity, led to this result. Adding oleate's 18-
carbon tail to vancomycin likely improved the API's ability to
interact with and remain associated with Compritol 888's alkyl
tail.

A counterion's log P value is therefore not the only factor to
consider when considering hydrophobicity.*® It is important to
remember that in addition to excluding water, hydrophobic
domains on a counterion can interact hydrophobically and
sterically with (1) one another, (2) hydrophobic domains on the
complexed drug, and (3) the delivery vehicle's polymers, lipids,
or surfactants.®**® Hydrophobic interactions may make a coun-
terion with aromatic groups more suitable for use than one with
an aliphatic tail, for example, or give rise to favourable coop-
erativity between a drug and counterion with an unsaturated
aliphatic tail, even though one with a saturated tail may have
a higher log P. These interactions remain an active area of
research.

Counterion chemistry: pK, and pH. Counterions must be
charged to ionically complex. Sulfate and sulfonate anions and
quaternary amine cations are essentially always charged in
aqueous environments, but the degree of ionization for
carboxylic acids and primary, secondary, and tertiary amines
varies with pH. Therefore pH and pK, (of the drug molecule and
the counterion) are both important to consider during HIP.
Operating at a pH near one species’ pK, value is not advised,
because charge ratios are difficult to predict and control

This journal is © The Royal Society of Chemistry 2019
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Name

Structure/etc.

Paired with

Formulation technique

a-Chymotrypsin

a-Lipoic acid

Am380

Atazanavir

Atenolol

AZD2811

Berberine

Bevacizumab
Bovine serum
albumin (BSA)

Bromothymol
blue

Chlorhexidine

Cinnarizine

25 kDa protein, 241
residues, pI: 8.75

149 kDa antibody
66.5 kDa protein, 583
residues, pl: 4.7

Sodium docusate’®”

N,N'-Dibenzylethylene diamine (DBDA),*” note:
included pamoic acid to frustrate oLA : DBDA
recrystallization and improve encapsulation

N,N-Dimethyldodecyl amine (DDA)*°
N,N-Dimethylhexyl amine*®
N,N-Dimethyloctadecyl amine®®

2-Naphthalene sulfonic acid®®
Sodium docusate (AOT)*®

Brilliant blue FCF'®
Oleic acid®*®
1-Hydroxy-2-naphthoic aci
Cholic acid*®*°

Sodium deoxycholate®®
Docusate sodium?*®%°
Pamoic acid®®

43889

Oleic acid*®*

Docusate sodium'®®
Cholic acid®®

CM-PEG™®

Sodium dodecyl sulfate®®
Taurocholic acid®®
Sodium docusate®®

Dextran sulfate”
Sodium deoxycholate
Sodium laurate'®®
Sodium stearoyl glutamate
Pamoic acid disodium'®®
Tetrabutylammonium bromide®®
Tetrahexylammonium bromide®®
Tetraoctylammonium bromide®®

165

165

Losartan'®?

Pamoic acid,”” note: Also unsuccessfully tried
camphor-10 sulfonic acid (micellized), cinnamic
acid, palmitic acid, and oleic acid

This journal is © The Royal Society of Chemistry 2019

Solvent evaporation with polymethyl methacrylate,
polystyrene, or poly(vinyl acetate)'®”

PLA-b-PEG NPs by Flash NanoPrecipitation, in situ
HIPY

Block copolymer micelles by evaporation-
sonication®’

SEDDS*®

PLGA NPs by nanoprecipitation'>

Oil in water (o/w) nanoemulsification solvent
extraction to form PLA-PEG NPs using in situ
HIP38:89

Liquid crystalline nanoparticulates by
a hydrotrope method"**

Lipid coacervation'®®
Double emulsion®®
Single emulsion®®

Double emulsion®®

Single emulsion®®

SEDDS'®’

Solid in oil in water (S/O/W) to form PLGA NPs”!
SEDDS'®

Encapsulated into polystyrene microparticles
using compressed carbon dioxide®®

Nanoprecipitation'**

PLA-b-PEG NPs by Flash NanoPrecipitation, in situ
HIPY
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Name Structure/etc.

Paired with

Formulation technique

o] o
o
Ciprofloxacin A A

N A

Cl, NH;
Cisplatin Pt
cl” NH;
Clozapine
Colistin

Concanavalin A

Dalargin :f‘i@

o'

Daptomycin

Desmopressin

Dexamethasone
valine valine
prodrug

Donepezil

Dorzolamide

Doxorubicin

4218 | Nanoscale Adv., 2019, 1, 4207-4237

104-112 kDa protein
(tetramer), pI: 4.5-5.5

Sodium deoxycholate®®

Sodium docusate®?

Pamoic acid*’

Cholesteryl hemisuccinate*®

N,N-Dipalmitoyl-i-lysine*®

Sodium cholesteryl sulfate'*®

Sodium docusate'®”

Dextran sulfate'®*

Arginine-hexadecanoyl ester!
Arginine-nonyl ester”’

Oleic acid””
Sodium docusate
Sodium dodecyl sulfate
Sodium stearate”” (note: less effective than SDS,
AOT, and oleate)

Sodium stearyl sulfate”” (note: less effective than
SDS, AOT, and oleate)

45,77,86,170
77,86

Dextran sulfate'?°

Pamoic acid'®®

Oleic acid®
Sodium dodecyl sulfate®’

Alginic acid®
Cholesteryl hemisuccinate
Dextran sulfate®®

112

Dioleoyl phosphatidic acid (DOPA)”*
Docosahexaenoic acid”®
Hexadecylphosphate*®

Hyaluronic acid"*?

Oil-in-water (o/w) submicron emulsion®®

Stearic acid coacervation®®

PLA-b-PEG NPs by Flash NanoPrecipitation, in situ
HIP*

PLA NPs by emulsion evaporation'*®

Solvent evaporation with polymethyl methacrylate,
polystyrene, or poly(vinyl acetate)'®”

PLGA-PEG NPs by S/O/W emulsion'**

N/A; proof-of-concept HIP using novel cationic
surfactants demonstrates precipitation and
increased log P*!

SEDDS*377:86:170

PLGA NPs by S/O/W emulsion**’

High pressure homogenization with p-o-

tocopherol polyethylene glycol 1000 succinate'®®

PLGA NPs or PEG3-PSA microparticles by S/O/W
emulsion®!

Microemulsion by stearic acid coacervation®
Thin film dispersion''?

Microemulsion by stearic acid coacervation®
Warm wax microemulsion solvent evaporation®®
PLA-b-PEG NPs by nanoprecipitation”*

SLNs by hot melt ultrasound emulsification”®
SLNs by warm oil-in-water microemulsion with
stearic acid and taurocholate sodium'>®

Thin film dispersion by lipid film hydration with
suspended HIP complex and homogenization'*?
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Name Structure/etc. Paired with Formulation technique
Oleic acid'*®*** 70 °C high-pressure homogenization**
High-pressure film homogenization'®®
Sodium acetate®' Microemulsion by stearic acid coacervation®
Sodium alginate® Microemulsion by stearic acid coacervation®
Sodium decanesulfonate' Microemulsion by stearic acid coacervation'*®
Sodium docusate''® Microemulsion by stearic acid coacervation'*®
Sodium stearate®’ Microemulsion by stearic acid coacervation®
Sodium taurodeoxycholate”>?>'1¢ Warm wax microemulsion solvent evaporation®®
Microemulsion by stearic acid coacervation'*®
Microemulsion by shear and ultrasonic
homogenization after drying from molten stearyl
alcohol”
Sodium tetradecyl sulfate® Warm wax microemulsion solvent evaporation®®
Vitamin E succinate'®® SLNs by hot melt ultrasound emulsification'®®
X
.. ™ HN cl . Dy 30 Nanoprecipitation with doxorubicin-conjugated
Gefitinib Dioleoyl phosphatidic acid (DOPA
eohes y! phosp (DOPA) PLA-b-PEG NPs*
9 H3CO
on y PLA microparticles by precipitation with

Gentamicin v ”04</:>_M ey
e

Heparin HO_ _OH
-0
o
WO OO
¢'o
[*} OH O
Idarubicin O‘O‘
o OH

IGG-Fab fragment 48 kDa protein

Insulin 5.8 kDa peptide, 51
residues (6 cationic and 6
anionic), pL: 5.3
Irinotecan

Sodium docusate®* 7119171

Arginine-hexadecanoyl ester*'
Arginine-nonyl ester”’

Dextran sulfate®
Sodium taurodeoxycholate®
Sodium tetradecyl sulfate®

Sodium dodecyl sulfate®
Taurocholic acid®
Dextran sulfate®®

Cholic acid"’

Chitosan™
Dimyristoyl phosphatidyl glycero
Oleic acid®®192:162

142

Pamoic acid disodium™®®
Sodium laurate'®®

Sodium stearoyl glutamate'®®
Sodium deoxycholate®®*1%

Sodium docusate®**°

Sodium dodecyl sulfate*