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Higher lipid solubility of lipophilic salt forms creates new product development opportunities for high-
dose liquid-filled capsules. The purpose of this study is to determine if lipophilic salts of Biopharma-
ceutical Classification System (BCS) Class I amlodipine and BCS Class III fexofenadine, ranitidine, and
metformin were better lipid formulation candidates than existing commercial salts. Lipophilic salts were
prepared from lipophilic anions and commercial HCl or besylate salt forms, as verified by 1H-NMR.
Thermal properties were assessed by differential scanning calorimetry and hot-stage microscopy. X-ray
diffraction and polarized light microscopy were used to confirm the salt's physical form. All lipophilic salt
forms were substantially more lipid-soluble (typically >10-fold) when compared to commercial salts. For
example, amlodipine concentrations in lipidic excipients were limited to <5-10 mg/g when using the
besylate salt but could be increased to >100 mg/g when using the docusate salt. Higher lipid solubility of
the lipophilic salts of each drug translated to higher drug loadings in lipid formulations. In vitro tests
showed that lipophilic salts solubilized in a lipid formulation resulted in dispersion behavior that was at
least as rapid as the dissolution rates of conventional salts. This study confirmed the applicability of
forming lipophilic salts of BCS I and III drugs to promote the utility of lipid-based delivery systems.

© 2018 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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Introduction

Lipid formulations are widely used in drug development to
improve the oral absorption of poorly water-soluble Biopharma-
ceutical Classification System (BCS) Class II or IV drugs.1-3 There are
many other reasons, however, why lipid formulations may be
pursued for development, where the intent is not to enhance oral
bioavailability. These include (1) improved content uniformity of
high potency/low dose drugs; (2) requirements for fast onset of
action; (3) consumer preference; (4) taste masking; (5) delivery of
low melting drugs; (6) modified release; and (7) to increase drug
permeability.4 In many of these applications, lipid formulations are
used for water-soluble BCS Class I and III drugs either as liquid-
filled capsules or lipid multi-particulate finished dosage forms.
hts reserved.
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Figure 1. The chemical structure of the BCS Class I and III drugs and primary counterions investigated in this study.
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Pharmaceutical and consumer healthcare product examples con-
taining such water-soluble drugs in lipid formulations include Tir-
osint® (levothyroxine, BCS Class III), Zyrtec® Liquid Gels (cetirizine,
BCS Class III), Depakene® (valproic acid, BCS Class I), and Zmax®

(azithromycin, BCS Class III).
A potential constraint to the broader use of lipid formulations in

delivering BCS Class I and III drugs is low solubility in commonly
used lipidic excipients and lipid formulations such that the complete
dose cannot be delivered in a single dosage unit, for example, a
capsule. In these instances, lipid suspensions can be a viable alter-
native approach although there may also be scenarios where lipid
solution type formulations are preferable biopharmaceutically, for
example, where a fast onset of action is required. Approaches that
improve drug solubility in lipid formulations are therefore desirable
because they reduce the formulation:drug ratio, and in turn allow a
reduction in capsule size and capsule number.

One approach to improve solubility in lipids (and therefore drug
loading) is to decrease the strength of the crystal lattice forces, for
example, by using an isolated amorphous form of the drug. This
approach is commonly used to improve the aqueous solubility of
poorly water-soluble compounds,5,6 particularly where strong
crystalline forces limit solubility and dissolution, and where the
hydrophobicity of a compound precludes the formation of favor-
able intermolecular forces with water (e.g., dipole interactions,
hydrogen bonds).7 Applying the same philosophy to improve drug
solubility in lipids, however, is unlikely to achieve the long-term
physical stability needed for lipid formulation development, with
likely reversion on storage to the more stable and ultimately less
lipid-soluble crystalline form.

Lipophilic salts are an alternative and promising approach to
achieving higher solubility in lipids.8,9 Depending on the intrinsic
properties of the drug and the choice of counterion, lipophilic salts
may exist as solids or liquids at room temperature. Those salts with
melting points/glass transition temperatures below 100�C are
typically described as ionic liquids.10,11 In addition to ionic liquids,
salts that exhibit a melting point between 100�C and the melting
point of the free acid/base can also exhibit high solubility in lipids.
The utility of a salt approach to improve solubility in lipids there-
fore extends beyond the ionic liquid definition. Taking this into
consideration, the term “lipophilic salts” offers a broader classifi-
cation to cover all salts that exhibit enhanced lipid solubility over
the respective free acid/free base forms.

Recent work by Sahbaz et al.12 showed that lipophilic salt forms
(ionic liquid and non-ionic liquid salts) of weakly basic drugs could
achievehighsolubility in lipid formulations. This allowedmuchhigher
drug loadings in lipid formulations, and the combination of lipophilic
salts and lipid formulations was highly effective in promoting the
oral absorption of poorly water-soluble weak bases, including itraco-
nazole, when compared to the current commercial formulation.

Lipophilic salts of water-soluble drugs have been previously
described.11,13,14 In these cases, the altered salt form was employed
to improve aqueous solubility, to provide for controlled release, or
to facilitate dual pharmacological functions (where the counterion
also had pharmacological activity). In contrast, the potential for
lipophilic salt forms to facilitate the use of lipid formulations for
water-soluble drugs, as a means to, for example, increase drug
loading, has not been investigated.

Here, lipophilic salts of amlodipine, fexofenadine, metformin,
and ranitidine were prepared (Fig. 1). These were selected as model
drugs to illustrate potential lipophilic salt applications toward a
broader set of drugs that meet the following criteria: (1) BCS Class I
or III; (2) having at least one ionizable group to form salts with an



H.D. Williams et al. / Journal of Pharmaceutical Sciences 107 (2018) 203-216 205
acidic counterion; and (3) low lipid solubility of commercially
available salt forms that limits lipid formulation development.

The lipophilic salt forms of these model BCS I and III drugs
offered substantial increases in solubility and loading in common
lipid excipients and concept lipid formulations. This enabled new
product development opportunities that are not currently possible
using conventional salt forms.

Materials and Methods

Materials

Amlodipine besylate was purchased from BOC Sciences (Shirley,
NY). Fexofenadine hydrochloride (HCl) and ranitidine HCl were
purchased from LGM Pharma (Boca Raton, FL). Metformin HCl was
purchased from AK Scientific (Union City, CA). Propylene glycol
monocaprylate (Capryol® 90), propylene glycol monolaurate (Laur-
oglycol® 90), propylene glycol dicaprate (Labrafac® PG), glyceryl
monolinoleate (Maisine™ 35-1), and PEG-8 caprylic/capric glycer-
ides (Labrasol®) were donated by Gattefosse (Saint-Priest, France).
Long-chain triglyceride (super refined corn oil) was a sample from
Croda (Edison, NJ). Medium-chain triglyceride (Miglyol® 812) and
glyceryl monocaprylate (Imwitor 308®) were kindly supplied by
Cremer (Hamburg, Germany). Polyoxyl 35 castor oil (Kolliphor® EL)
was donated by BASF (Ludwigshafen, Germany). Dioctyl sulfo-
succinate sodium salt (sodium docusate) (98%), sodium lauryl sul-
fate (>99%), and sodium taurodeoxycholate were purchased from
Sigma-Aldrich (Castle Hill, NSW, Australia). Phosphatidylcholine
(Lipoid E PC S, ~99.2% pure, from egg yolk) was obtained from Lipoid
GmbH (Ludwigshafen, Germany). Sodium oleate (>97%) was pur-
chased from TCI America (Portland, OR). Acetonitrile, ethanol,
petroleum spirit, chloroform, dichloromethane, methanol, ethyl
acetate, and diethyl ether were obtained from Merck (Bayswater,
VIC, Australia) and used without any pre-treatment. All other
chemicals and solvents were of analytical purity or HPLC grade.

Lipophilic Salt and Free Acid/Base Preparation

Amlodipine Free Base
Amlodipine besylate (1.00 g, 1.76 mmol) in ethyl acetate (50 mL)

was washed successively with saturated NaHCO3 (25 mL aqueous),
distilled water (25 mL), and brine (25 mL). The resulting solution
was dried (Na2SO4), filtered, and concentrated in vacuo. The solid
produced was dried under high vacuum prior to use, to give a
yellow solid (698 mg, 97%).

Amlodipine Lauryl Sulfate
Amlodipine besylate (2.00 g, 3.53 mmol) and sodium lauryl

sulfate (1.02 g, 3.53 mmol) were dissolved in a mixture of ethyl
acetate (40 mL) and distilled water (40 mL). The resulting biphasic
mixture was stirred for 3.5 h, before being transferred to a sepa-
rating funnel, the organic phase was collected and the aqueous
phase washed with a further 2 � 40 mL ethyl acetate, and the
combined organics were washed with cold portions (20 mL) of
distilled water until negative to a silver nitrate precipitate test. The
organic phase was then dried (Na2SO4), filtered, and concentrated
in vacuo to give the desired compound as a waxy, pale yellow solid
(2.29 g, 96%).

Amlodipine Docusate
Amlodipine besylate (2.00 g, 3.53 mmol) and sodium docusate

(1.57 g, 3.53 mmol) were dissolved in a mixture of ethyl acetate
(50 mL) and distilled water (50 mL). The resulting biphasic mixture
was stirred for 3.5 h, before being transferred to a separating fun-
nel, the organic phasewas collected and the aqueous phasewashed
with a further 2 � 50 mL ethyl acetate, and the combined organics
were washed with cold portions (15 mL) of distilled water until
negative to a silver nitrate precipitate test. The organic phase was
then dried (Na2SO4), filtered, and concentrated in vacuo to give the
desired compound as a sticky, pale yellow material (2.88 g, 98%).

Fexofenadine Free Base (Zwitterion)
Fexofenadine HCl (500 mg, 0.93 mmol) in distilled water (50

mL)was neutralizedwith triethanolamine (150mg,1.00mmol) and
stirred overnight at ambient temperature. The resulting precipitate
was filtered, washed with cold distilled water, and dried under high
vacuum to give the desired product as a white solid (443 mg, 95%).

Fexofenadine Lauryl Sulfate
Fexofenadine HCl (25.88 g, 48.09 mmol) and sodium lauryl

sulfate (13.87 g, 48.09 mmol) were dissolved in a mixture of CH2Cl2
(250 mL) and distilled water (250 mL). The resulting biphasic
mixture was stirred for 3.5 h, before being transferred to a sepa-
rating funnel, the organic phase was collected and the aqueous
phase washed with a further 2 � 100 mL CH2Cl2, and the combined
organics were washed with cold portions (50 mL) of distilled water
until negative to a silver nitrate precipitate test. The organic phase
was then dried (Na2SO4), filtered, and concentrated in vacuo to give
the desired compound as a white solid (36.20 g, 98%).

The preparation of fexofenadine lauryl sulfate was also scaled-
up with spray-drying to remove the residual solvent. In short,
fexofenadine HCl (1.8 kg) was dissolved in ethyl acetate (16.21 kg)
and sodium lauryl sulfate (0.962 kg) was dissolved in distilled
water (18 kg). The organic and aqueous solutions were combined
under agitation and the resulting biphasic mixture was stirred for
4 h. Aqueous and organic phases were subsequently separated and
split into separate tanks. The aqueous phase was washed with 2 �
4.26 kg of ethyl acetate, which was then combined with the ethyl
acetate previously separated. The organic phase was then washed
with 6 � 3.79 kg of distilled water to remove residual NaCl. The
organic phase was then spray-dried using a PSD-1 scale spray dryer
(Niro) with an inlet and outlet temperature of 85�C and 35�C,
respectively, and a solution flow rate spray rate of 140 g/min using
nitrogen as a drying gas. The isolated white powder was removed
from the collector and tray-dried 25 h at 39�C/16% relative hu-
midity under nitrogen flow. After tray drying, the ethyl acetate level
was below the limit of detection by gas chromatographyeflame
ionization detection. Yield was ~88% after processing was
completed.

Ranitidine Free Base
Ranitidine HCl (5.0 g, 14.3 mmol) in 50 mL distilled water was

basified with solid K2CO3 until pH 11. The resulting cloudy solution
was extracted with CHCl3 (3 � 50 mL), and the combined organics
were backwashed with brine (20 mL). The resulting solution was
dried (Na2SO4), filtered, and concentrated in vacuo. The residuewas
recrystallized from warm (40�C) ethyl acetate, cooled to 10�C,
stirred for 1 h, and then placed in the freezer (�20�C) overnight.
The white precipitate was filtered and washed with ice cold ethyl
acetate to give the title compound as a pale yellow solid (4.02 g,
89%).

Ranitidine Oleate
Ranitidine HCl (6.00 g, 17.10 mmol) and sodium oleate (5.21 g,

17.11 mmol) in methanol (100 mL) was stirred for 1 h protected
from the light. The resulting mixture was concentrated in vacuo at
30�C, and the residue was placed under house vacuum for 12 h. The
residue was dissolved in 250 mL CHCl3 and stirred for 1 h before
being filtered and then microfiltered. The filtrate was concentrated
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in vacuo at 30�C and dried under high vacuum to give a yellow oil
(10.01 g, 98%).

Metformin Free Base
Metformin HCl (2.46 g, 14.8 mmol) was dissolved in 100 mL

methanol and K2CO3 (2.05 g, 14.8 mmol) was added; the resulting
solutionwas stirred overnight at ambient temperature. The volume
of methanol was reduced to 25 mL and the mixture was chilled and
filtered, washing with cold methanol. The filtrate was concentrated
in vacuo to give the title compound as a white solid (1.78 g, 93%).

Metformin Docusate
Metformin HCl (173 mg, 1.04 mmol) and sodium docusate (465

mg, 1.04 mmol) were dissolved in methanol (10 mL) and stirred at
ambient temperature for 3 h. The resulting mixture was concen-
trated in vacuo and the residue taken up in MeCN (20 mL), stirred
and sonicated, before being micro-filtered. The resulting mixture
was concentrated in vacuo to give a clear oil (545 mg, 95%).

Docusate Acid
Sodium docusate (0.5 g, 1.12 mmol) was taken up in 1 M HCl

aqueous at 0�C, 20 mL Et2O was added, and the resulting solution
stirred for 30 min at 0�C. The solution was transferred to a sepa-
rating funnel, the separated aqueous layer was washed further with
2 � 20 mL, the combined organics were washed with cold 10 mL
distilled water (�3), and the solution was then dried (Na2SO4),
filtered, and concentrated in vacuo to give a waxy, white solid
(370 mg, 78%).

Characterization

Nuclear Magnetic Resonance Spectroscopy
Nuclear magnetic resonance (NMR) spectrawere obtained using

a Bruker Avance III Nanobay 400 MHz NMR spectrometer coupled
to a BACS 60 automatic sample changer. The spectrometer is
equipped with a 5-mm PABBO BB-1H/D Z-GRD probe. The 1H and
13C NMR spectra of the purified products were recorded in
MeOH-d4 (Aldrich, 99.8% D) or dimethyl sulfoxide-d6 (Cambridge
Isotope Laboratories Inc., 99.9% D).

Liquid Chromatography Mass Spectrometry
Liquid chromatographyemass spectrometry (LC/MS) chro-

matograms were obtained using an Agilent 1200 Series HPLC/Agi-
lent 6100 Series Single Quad LC/MS (pump, 1200 Series G1311A
quaternary pump; autosampler, 1200 Series G1329A thermostatted
autosampler; detector, 1200 Series G1314B variable wavelength
detector; software, LC/MSD ChemStation Rev.B.04.01 SP1 with Easy
Access Software) fitted with a Luna C8(2) 5 mm, 50 � 4.6 mm,100 Å
column at 30�C (injection volume 5 mL, solvent A, water 0.1% formic
acid; solvent B, acetonitrile 0.1% formic acid; gradient 5%-100% B
over 10 min) with detection at 254 or 214 nm. The mass spec-
trometer was operated in quadrupole ion mode (Multimode-ES
drying gas temp 300�C; vaporizer temperature 200�C; capillary
voltage (V) 2000 (positive); capillary voltage (V) 4000 (negative);
scan range 100-1000; step size 0.1 s) with acquisition time of
10 min.

High-Resolution Mass Spectrometry
All analyses were performed on an Agilent 6224 TOF LC/MS

mass spectrometer coupled to an Agilent 1290 Infinity binary pump
(Agilent, Palo Alto, CA) fitted with an Agilent Zorbax SB-C18 Rapid
Resolution HT 2.1 � 50 mm, 1.8 mm column (Agilent Technologies,
Palo Alto, CA) using an acetonitrile (A)/water containing 0.1% (wt/
vol) formic acid (B) gradient (5%-100% (vol/vol) B) over 3.5 min at
0.5 mL/min. All data were acquired and reference mass corrected
via a dual-spray electrospray ionization source. Each scan or data
point on the total ion chromatogram is an average of 13,700 tran-
sients, producing a spectrum every second. Mass spectra were
created by averaging the scans across each peak and background
subtracted against the first 10 s of the total ion chromatogram.
Acquisition was performed using the Agilent Mass Hunter Data
Acquisition software (version B.05.00 Build 5.0.5042.2) and analysis
was performed using Mass Hunter Qualitative Analysis (version
B.05.00 Build 5.0.519.13). The mass spectrometer was operated in
ionization mode (electrospray ionization drying gas flow 11 L/min;
nebulizer 45 psi; drying gas temperature 325�C; capillary voltage
(Vcap), 4000 V; fragmentor 160 V; skimmer 65 V; OCT RFV 750 V;
scan range acquired 100-1500m/z; internal reference ions, positive
ion mode ¼ m/z ¼ 121.050873 and 922.009798).

Elemental Analysis
Elemental analyses were performed by Chemical & Microana-

lytical Services Pty. Ltd. (Highton, VIC, Australia) using combustion
analysis.

Full characterization of all the novel lipophilic salts is provided
below in the Supplementary material.

Polarized Light Microscopy
Samples were mounted on glass microscope slides. Where it

was necessary to facilitate dispersion, a small drop of silicone oil
was added. Visual appearance and evidence of crystallinity was
assessed using a Zeiss Axiolab microscope (Carl Zeiss, Oberkochen,
Germany) equipped with crossed polarizing filters and digital
camera (Canon PowerShot A70, Tokyo, Japan). Images were
collected at 10�, 20�, or 32� magnification using remote capture
software (Canon Utilities v.2.7.2.16).

X-Ray Diffraction
X-ray diffraction (XRD) was performed to probe possibly crys-

tallinity in new lipophilic salt forms of amlodipine, fexofenadine,
metformin, and ranitidine. As it was possible for some trace crys-
tallinity in liquid/glassy salts, XRD was performed regardless of the
salt form at room temperature. Samples were mounted on stainless
steel sample holders. The instrument was a Shimadzu XRD-7000
diffractometer (Shimadzu, Kyoto, Japan) with Cu K-alpha radia-
tion. The applied voltage and current were 40 kV and 35 mA,
respectively. The samples were scanned in continuous mode be-
tween 2� and 40� (2q), with a step size of 0.02� and a scanning
speed of 2 s/step. A divergent slit width of 1� was employed for the
beam source, and a scattering slit width of 1� and receiving slit
width of 0.3 mm were used for the detector.

Fourier Transform-Infrared Spectroscopy
Spectroscopy measurements were performed using a Fourier

Transform Infrared (FTIR) spectrophotometer (Frontier, Perkin
Elmer, Waltham, MA) equipped with a diamond attenuated total
reflection unit. FTIR spectra were obtained in transmission mode
from 4000 to 650 cm-1 at a 2 cm-1 resolution, and with an averaged
16 scans for background and each sample.

Hot-Stage Microscopy
Samples were mounted between 2 glass coverslips onto a

Linkam HFS 91 hot stage connected to a TP93 temperature
controller (Linkam Scientific Instruments, Tadworth, UK). Samples
were heated at a rate of 10�C/min and monitored continuously
using a Zeiss Axiolab microscope (Carl Zeiss, Oberkochen, Ger-
many) equipped with crossed polarizing filters and digital camera
(Canon PowerShot A70, Tokyo, Japan). Images were collected at
10� or 20� magnification using remote capture software (Canon
Utilities v.2.7.2.16). Complete melting was defined as the lowest



Table 1
Composition of LFCS Lipid Formulations Utilized in Dissolution and Salt Partition
Studies

LFCS Formulation Composition (%wt/wt)

Type I 50% medium-chain triglyceride
50% glyceryl monocaprylate

Type IIIA (SEDDS) 15% medium-chain triglyceride
15% glyceryl monocaprylate
60% polyoxyl 35 castor oil
10% ethanol

LFCS, Lipid Formulation Classification System.
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temperature at which the sample was completely free of birefrin-
gence or, in the case of amorphous samples, the lowest temperature
at which no solid structures were evident.

Differential Scanning Calorimetry
Samples (1-5 mg) were directly weighed into aluminum pans

that were hermetically sealed. Differential scanning calorimetry
(DSC) analysis was performed using a PerkinElmer DSC 8500
(Waltham, MA) with Intracooler III integrated cooler. During the
analysis, sample chambers were continually flushed under nitrogen
(20 mL/min) and an empty aluminum panwas used to establish the
baseline as a reference control. For free base and conventional salt
forms (i.e., HCl, besylate salts), sampleswere analyzed in oneheating
cycle (at 10�C/min) from �20�C to at least 10�C above the melting
point as indicated by preliminary hot-stage microscopy. Lipophilic
salt samples were analyzed in modulated mode from �20�C to
150�C at 2.5�C/min with 1.0�C/min modulation cycles. Glass transi-
tion temperatures (Tg) were calculated using the PerkinElmer
software (Pyris v 11.1.1.0497) and the half-height technique.

Saturated Aqueous Solubility Assessment

Equilibrium solubility was performed at a 1 mL scale at 37�C in
water, an acidic pH 2 buffer (0.01 N HCl) and a pH 6.5 simulated
intestinal fluid (20 mM Tris maleate, 150 mM sodium chloride, 1.4
mM calcium chloride dihydrate (CaCl2$2H2O), 3 mM sodium taur-
odeoxycholate, and 0.75 mM phosphatidylcholine). The test was
conducted over a period of 7 days, with routine sampling following
centrifugation (21,000 � g, 37�C, 10 min) and analysis of the dis-
solved drug concentration by HPLC.

Lipid Excipient Kinetic Solubility Screening

The kinetic solubility of free base commercial salts, and lipo-
philic salts of amlodipine, fexofenadine, ranitidine, and metformin
was determined in selected lipidic excipients. Known concentra-
tions of the drug/salt in lipidic excipients were ultrasonicated (Elma
sonicator unit- Model TI-H-10 MF, Singen, Germany) at a 45 kHZ
frequency at 30�C for 15 min intervals followed by analysis by
polarized light microscopy to confirm (or otherwise) complete
incorporation of the drug/salt.

Salt Incorporation Into Lipid Formulations

Archetypical Type I and IIIA (“SEDDS”) lipid formulations of
Lipid Formulation Classification System15 were tested in this study
(Table 1). As it lacks surfactant, a type I lipid formulation will not
emulsify on contact with aqueous media. It was therefore used in
this study in lipid/water partition experiments (described in more
detail in the Salt Lipid/Water Partitioning Studies section) where
separation of lipid/water phases (by centrifugation) was necessary
to enable drug quantification in the different phases. In contrast, a
type III lipid formulation rapidly emulsifies on contact with
aqueous media to form emulsions (i.e., a “SEDDS”). As SEDDS-type
formulations are a popular formulation choice for formulating a
range of drugs, they were used in this study to illustrate the drug-
loading advantage of lipophilic salts in a commonly used class of
lipid formulation.

The placebo type I and IIIA lipid formulations were prepared by
weighing the appropriate amount of each of the excipients into a
glass vial, with prior excipient melting, if needed. Excipients were
thenmixed thoroughly to generate an isotropic solution. To prepare
drug-loaded formulations, the targetmass of drug, salt, or lipophilic
salt was added to a glass vial followed by the placebo formulation
and mixing at 30�C-40�C until the active was completely dissolved.
The target loading in the lipid formulations was the mass of
lipophilic salt required to achieve a 40 mg/g concentration of
equivalent free base. This loading was not intended to reflect the
dose level of the model drugs in this study (with single doses in the
clinic varying from 2.5 mg in the case of amlodipine to up to 1000
mg for metformin), but was selected as a conservative loading to
probe the solution properties of lipophilic salts.

Dissolution Testing

Dissolution/dispersion tests were performed in a 6-station
dissolution tester (Erweka DT6, Heusenstamm, Germany) equip-
ped with standard USP II paddle, 1000 mL glass vessel assemblies
(Erweka) with paddles rotating at 100 rpm. The dissolution me-
dium (500 mL) was either an acidic pH 2 buffer (0.01 N HCl) or
neutral pH 6.5 buffer (20 mM Tris maleate, 150 mM sodium chlo-
ride, 1.4 mM calcium chloride dihydrate) and was degassed and
equilibrated to 37�C prior to initiating the test. The active alone
(equivalent mass for 20 mg free base) or ~500mg active-containing
lipid formulations were introduced into the vessel using 40 mm
diameter glass watch-glasses or via hard gelatin capsules (size #0;
Licaps®, Capsugel, Greenwood, NC). At intervals, 1 mL samples were
removed from same region of the vessel and centrifuged (Eppen-
dorf 5430R) for 5 min at 2655 � g, 37�C, to pellet any undissolved/
precipitated drug/salt. Samples were diluted 1:1 with mobile phase
prior to analysis by HPLC.

Salt Lipid/Water Partitioning Studies

Salt partitioning studies employed a pH-stat apparatus
(Metrohm® AG, Herisau, Switzerland), comprising a Titrando 802
propeller stirrer/804 Ti Stand combination, a glass pH electrode
(iUnitrode), and an 800 Dosino dosing unit coupled to a 10 mL
autoburette containing 1.0 M NaOH titrant solution. The apparatus
was connected to a computer and operated using Tiamo 2.0 software.

To allow effective separation of water and lipid phases, studies
employed the non-emulsifying type I formulation (Table 1).
Formulation (40 ± 5 mg) with incorporated drug as the salt or free
basewasweighed directly into a thermostat-jacketed glass reaction
vessel (Metrohm® AG) and dispersed in 40 mL Tris-maleate buffer
(20 mM) at 37�C. Dilute test conditions were employed to reduce
the impact of the saturated aqueous solubility of the drug/salt
forms limiting partitioning from the lipid formulation. If required,
the pH of this dispersionwas initially adjusted to pH 2 using a small
volume of 1 M HCl. Continuous and rigorous mixing was achieved
using an overhead propeller stirrer 25 mm in diameter and rotating
at a speed of approximately 450 min-1. With this level of mixing,
equilibration of drug/salt between aqueous and lipid phases was
achieved in a short time frame (5 min, data not shown). After this
period of equilibration, the pH-stat apparatus was programmed to
increased pH step-wise across the pH 2-9 range (see Fig. S1 for an
example pH profile). Optimal titration conditions across the pH



Table 2
Details of HPLC Methods Used in Drug Quantification Studies

Variable Amlodipine Fexofenadine Ranitidine

Column Waters XBridge C18
(150 mm � 4.6 mm, 5 mm)

Phenomenex Luna C8
(4.6 � 150 mm, 5 mm)

Phenomenex Kinetex C18
(4.6 � 100 mm, 2.6 mm)

Mobile phase Methanol:MeCN:Buffer, 35:15:50 (vol/vol)
Buffer ¼ 0.1% TEA (pH 3)

Methanol:MeCN:Buffer, 50:20:50 (vol/vol)
Buffer ¼ 0.1% TEA (pH 3.7)

A ¼ MeCN:Buffer, 2:98 (vol/vol)
B ¼ MeCN:Buffer, 22:78 (vol/vol)
Buffer ¼ 20 mM KH2PO4 (pH 7.1)
Gradient ¼ 0 min, 100% A; 10 min, 100% B;

11 min, 100% B; 15 min, 100% A
Column temperature (�C) 35 25 35
Injection volume (mL) 10 10 25
Flow rate (mL/min) 1.5 1.0 1.5
UV detection wavelength (nm) 237 210 230
Retention time (min) 5.6 4.4 6.5
Working concentration range (mg/mL) 1.0-250.0 1.0-250.0 1.0-250.0

MeCN, acetonitrile; TEA, triethylamine.
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range were predetermined in initial experiments such that the
measured pHwas typically within ±0.05 of the target. Equilibration
periods of 5 min were implemented after defined pH values (pH 2,
3, 4, 5, 6, 7, 8, and 9) were achieved before further titrant was
added. At the end of each equilibration period, a 0.5 mL sample was
removed and centrifuged at 7094 � g (37�C) for 5 min to separate
the lipid formulation phase from the aqueous phase. A 200 mL
sample of the aqueous phase was carefully removed, diluted 1:1
vol/vol with mobile phase prior to analysis by HPLC.
HPLC Drug Quantification

All HPLC analyses were performed on an Alliance 2695 separa-
tion module and 486 tunable UV absorbance detector (Waters
Instruments, Milford, MA). Method details are listed in Table 2.
Results

Lipophilic Salt Chemical Characterization

All investigated compounds were weak bases (Fig. 1) and
commercially available as HCl or besylate salt forms. Successful
lipophilic salt preparation via salt metathesis reaction was
confirmed by 1H NMR spectroscopy, with salt purity and molecular
weight verified by LC-MS, elemental analysis, and high-resolution
mass spectrometry, respectively (Fig. S2). The 1H NMR spectrum
of product lipophilic salts was comparedwith both the free base and
HCl (or besylate) salt form to confirm protonation. The ratios of
signal integrations from the drug and counterion confirmed salt
purity, and in the case of fexofenadine lauryl sulfate, a 1H/1H COSY
spectrum was also used to confirm the presence of a salt.

FTIR spectroscopy (Fig. S3) confirmed characteristic bands at
1204 cm-1 (S¼O stretch), and 2932 and 2859 cm-1 (CH anti-
symmetry stretching) of the lauryl sulfate counterion in the
fexofenadine lauryl sulfate sample. Salt formation was indirectly
evidenced by a distinct shift in the fexofenadine carboxylic C¼O
group stretching vibrations from 1562 cm-1 in the free base form to
1726 cm-1 in fexofenadine lauryl sulfate, indicative of decreased
intra-molecular salt formation in the presence of lauryl sulfate. The
spectra of ranitidine oleate contained a sharp band at 1735 cm-1

indicative of C¼O stretch in the oleic acid carboxylic acid group.
Characteristic ranitidine bands at 1467 cm-1 (NO2 stretch) and
1648 cm-1 (NH stretch) were also evident. For all amlodipine salts,
characteristic bands at 3300 cm-1 (NH3 anti-symmetry) were
evident, while the free base form exhibited a notable band at 3390
cm-1, attributed to the unprotonated form of this functional group
(NH2). Amlodipine free base also had a single strong band at
1673 cm-1 attributed to C¼O carbonyl stretch. This same band was
also evident in amlodipine docusate (1695 cm-1). Amlodipine
besylate and lauryl sulfate salts, however, exhibit 2 sharp bands in
this region (besylate ¼ 1673 and 1697 cm-1, and lauryl sulfate ¼
1663 and 1702 cm-1), which has been attributed to hydrogen
bonding between the carbonyl group with the aromatic NH group
or with water.16 Lauryl sulfate and docusate salts exhibited their
own distinctive bands between 1205 cm-1 (S¼O stretch in lauryl
sulfate) and 1734 cm-1 (C¼O ester stretch in docusate), respectively.

For metformin, the free base spectra exhibited a notable band at
1670 cm-1 (C¼N imine stretch), which was shifted to 1634 and 1622
cm-1 in the docusate and HCl salts, respectively. In addition, the free
base exhibited a band at 1297 cm-1 (NH2 deformation), which was
absent in both salt forms. The metformin docusate salt contained a
characteristic band at 1734 cm-1 (C¼O ester stretch) from the
docusate counterion.
Lipophilic Salt Physical Characterization: Polarized Light Microscopy

Polarized light images of the commercial salts and isolated free
base forms of amlodipine, fexofenadine, ranitidine, and metformin
confirmed all were crystalline powders (Fig. 2). Amlodipine lauryl
sulfate was a waxy yellow solid exhibiting birefringence under
cross-polarized light. All other lipophilic salts appeared non-
crystalline. Amlodipine docusate was a sticky, pale yellow mate-
rial. Ranitidine oleatewas a viscous liquid. Other ranitidine lipophilic
salts were also viscous liquids. Ranitidine caprylate was prepared in
preliminary counterion screening studies using the same method
described for ranitidine oleate. It was not considered for further
evaluation because it changed fromaviscous oil to a solid on storage,
ostensibly following dissociation of the salt and recrystallization of
ranitidine free base (Fig. S4).

Fexofenadine lauryl sulfate was a white amorphous powder.
Lactate and benzoate salts of fexofenadine were prepared at a small
scale using the same method. These salts were also isolated as
glass-like powders but following recrystallization studies (which
are routinely performed during the preparation of new salts), these
salts formed crystalline solids when precipitated out of ethanol or
methanol (Figs. S5 and S6). As a result of limited solubility gain in
lipids, lactate and benzoate salts of fexofenadine were not evalu-
ated any further.

Metformin docusate was a clear viscous oil.
Lipophilic Salt Physical Characterization: XRD

XRD diffraction patterns of the free base and salts of amlodi-
pine, ranitidine, fexofenadine, and metformin are shown in



Figure 2. Polarized light micrographs of commercial salt forms of (a) amlodipine, (b) ranitidine, (c) fexofenadine, and (d) metformin compared to the free base forms and lipophilic
salt forms prepared in this study. Fexofenadine lauryl sulfate was isolated by drying from ethyl acetate by solvent evaporation (i) or spray drying (ii).
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Figure 3. Free base and commercial salt forms of all drugs were
crystalline, consistent with polarized light microscopy images.
Amlodipine lauryl sulfate exhibited notable crystalline peaks at
4.3�, 9.9�, 12.8�, 20.5�, and 23.2� (2q). This pattern was distinct to
major crystalline peaks in amlodipine besylate (5.8�, 11.5�, 13.0�,
23.2�, 24.2�, and 25.2�) and amlodipine free base (9.9�, 11.9�, 22.7�,
24.0�, and 24.9�). Consistent with polarized light microscopy,
amlodipine docusate did not demonstrate any crystallinity. The
absence of any crystallinity in ranitidine oleate and fexofenadine
lauryl sulfate was also confirmed by XRD. Metformin docusate
exhibited a single crystalline peak at 3.8� (d value of 22.8 Å). This
peak was not evident in metformin HCl and free base diffraction
patterns, but was similar to the crystalline pattern of docusate free
acid (4.3�, d value of 20.7 Å; data not shown).

Lipophilic Salt Physical Characterization: DSC and Hot-Stage
Microscopy

Hot-stage microscopy and DSC evaluation provided comple-
mentary insight into the thermal properties of lipophilic salts
(Table 3 and Fig. S7). In all cases, commercial salt forms (HCl or
besylate) exhibited substantially higher melting points compared
to the isolated free base. Docusate, lauryl sulfate, or oleate lipophilic
salt forms exhibited depressed melting points relative to both the
commercial salt forms and free base. The lauryl sulfate counterion
had only a marginal depression on amlodipine melting (Table 3). In
contrast, this counterion eliminated fexofenadine crystallinity and
yielded a salt with a glass transition that was ~100�C lower than the
melting point of fexofenadine free base. The docusate counterion
was generally found to be more effective in depressing the melting
point, consistent with previous work using itraconazole.12 In
addition to oleate salts, docusate, lauryl sulfate, and caprylate salts
of ranitidine (not shown) were also isolated as viscous oils. The fact
that it was possible to generate several liquid salt forms of raniti-
dine most likely reflects the comparatively lowmelting point of the
free base form (75.1�C).

Lipid Excipient Kinetic Solubility Screening

The solubility of commercial salts, new lipophilic salts, and free
base forms in a variety of lipidic excipients was assessed at 30�C.
Solubility values are reported in Table 4. In the case of the salt
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forms, values are expressed as the equivalent free base
concentration.

The solubility of amlodipine besylate was <5-10 mg/g in 5 of the
10 excipients, and <50 mg/g in all except PEG 400. Its solubility in a
model SEDDS formulation prepared at bench scale was 45 mg/g.
Amlodipine lauryl sulfate was ~3-fold more soluble in glyceryl
monocaprylate, propylene glycol monocaprylate, and polyoxyl 35
castor oil when compared to the besylate salt. Amlodipine docusate
was in some cases >30-fold more soluble than the besylate salt
(e.g., in medium-chain triglyceride). Amlodipine docusate
Table 3
Summary of Thermal Properties of Free Base and Salt Forms of Amlodipine, Fexofenadin

Drug or Salt Form Measured Melting Point (Tm)/Glass Tra

Hot-Stage Microscopy

Amlodipine free base 135-141
Amlodipine besylate 205-207
Amlodipine lauryl sulfate 135-137
Amlodipine docusate Liquid at room temperature

Fexofenadine free base 145-151
Fexofenadine hydrochloride 190-198
Fexofenadine lauryl sulfate 60-70

Ranitidine free base 68-73
Ranitidine hydrochloride 134-143
Ranitidine oleate Liquid at room temp

Metformin free base 125, >400
Metformin hydrochloride 235-236
Metformin docusate Liquid at room temperature

Salt forms in bold can also be classed as ionic liquids, having Tm/Tg values <100�C.
ND, not determined due to chemical instability concerns; Tm, melting point; Tg, glass tra

a Calculated using DSC results. Depression in melting point relative to the free form v
b Evidence of decomposition on melting.
solubility in the SEDDS was >200mg/g, at least >4-fold higher than
the besylate salt solubility value.

Consistent with the amlodipine results, the solubility of the
commercial salts (HCl) of fexofenadine, ranitidine, and metformin
was generally <10 mg/g. In contrast, respective lipophilic salt forms
routinely achieved concentrations that were at least 5-fold higher
across chemically diverse excipients, including a lipid glyceride
(e.g., glyceryl monocaprylate), a low hydrophilic-lipophilic balance
surfactant (e.g., propylene glycol monocaprylate), and a high
hydrophilic-lipophilic balance surfactant (e.g., polyoxyl 35 castor
e, Ranitidine, and Metformin as Determined by Hot-Stage Microscopy and DSC

nsition (Tg) (�C) Free Form-Salt Form Tm/Tg Differencea (�C)

DSC

139.8 e

209.3 þ69.5
123.5 �16.3
4.8 (Tg) �135.0

119.2, 152.2 e

212.7b þ60.4
50.1 (Tg) �102.1

75.1 e

149.0 þ73.9
ND >�70

92.3b e

237.3 >100
9.5 >�75

nsition temperature.
alue is usually associated with an increase in lipid solubility.



Table 4
Kinetic Solubility Screening Results for Commercial and Lipophilic Salt Forms of Amlodipine, Fexofenadine, Ranitidine, and Metformin, and Respective Free Base in 10 Lipidic
Excipients at 30�C

Excipient Amlodipine (mg/g) Fexofenadine (mg/g) Ranitidine (mg/g) Metformin (mg/g)

Free Base Besylate Lauryl Sulfate Docusate Free Base HCl Lauryl Sulfate Free Base HCl Oleate Free Base HCl Docusate

Long-chain TG ND <5 ND ND ND ND ND <5 <5 ND ND ND ND
Medium-chain TG <10 <5 <10 >150 ND ND ND <5 <5 >250 <10 <5 >75
Glyceryl monolinoleate ND <5 ND ND ND ND ND 100-125 <5 >250 ND ND ND
PEG-6 oleoyl glycerides ND <5 ND ND <5 <5 >75 ND <5 ND ND ND ND
Glyceryl monocaprylate 150-175 35-40 125-130 >75 <5 <5 >75 200-250 5-10 ND 10-20 5-10 >75
Propylene glycol monolaurate ND <5 ND e <5 <5 >75 >250 <5 >250 ND ND ND
Propylene glycol monocaprylate 150-200 <10 25-30 >175 <5 <5 >75 >250 <5 ND <10 <5 >75
PEG-8 caprylic/capric glycerides ND 40-50 ND ND <5 5-10 >75 150-200 <5 ND ND ND ND
Polyoxyl 35 castor oil 10-20 35-40 125-130 >100 <5 <5 >75 25-50 <5 ND <10 <5 >75
PEG 400 ND 125-150 ND ND 10-20 10-20 >75 >250 5-10 >250 ND ND ND
Type IIIA SEDDS 50-100 40-50 >125 >200 <10 10-20 >75 125-250 <10 ND <10 <10 >75

Solubility values are expressed as mg/g free base equivalents.
ND, not determined; TG, triglyceride.
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oil). In the case of fexofenadine andmetformin, lipophilic salts were
also substantially more soluble than the free base. Amlodipine free
base was relatively lipid soluble, and, as a result only the docusate
salt form offered a substantial solubility advantage. Similarly for
ranitidine, the free base form demonstrated very high solubility
(>100 mg/g) in a number of excipients, consistent with its relatively
low melting point (Table 3).

A 3-month physical stability follow-up revealed no evidence of
instability of amlodipine docusate or metformin docusate in the
tested lipidic excipients following storage at 25�C/60% relative
humidity. There was some evidence of physical instability in fex-
ofenadine lauryl sulfate in certain excipients, although at 3 months,
PEG 400 and the SEDDS samples were physically stable at 75 mg/g.
Ranitidine samples on storage changed from a yellow color to dark
orange/red color (Fig. S8). This was irrespective of salt form andwas
attributed to the known chemical instability of the parent
compound.17

Lipophilic Salt Saturated Aqueous Solubility

The solubility and dissolution behavior in aqueous conditions of
salt forms of amlodipine and fexofenadine were examined in
greater detail as examples of BCS Class I and III drugs, respectively.

Fexofenadine HCl was ~10-fold more soluble at pH 2 than at pH
6.5 (Fig. 4), consistent with the presence of a basic ionization group.
Fexofenadine lauryl sulfate, however, demonstrated the opposite
trend and showed ~10-fold higher solubility at pH 6.5 than at pH 2.
The low water solubility of fexofenadine lauryl sulfate at pH 2 was
expected, because at this pH, fexofenadine was expected to exist
predominantly in association with the lipophilic counterion. This
suggestion is consistent with the data in Figure 5a, where a
decrease in the saturated solubility of fexofenadine in pH 2 buffer
was evident in the presence of increasing concentrations of lauryl
hydrogen sulfate (free acid form of lauryl sulfate) suggesting in situ
formation of the salt. In situ salt formationwas further supported by
analysis of the excess solids in the solubility experiment under
polarized light where excess fexofenadine in the presence of lauryl
hydrogen sulfate transitioned from discrete crystals into a disor-
dered phase showing some birefringence (Fig. 5b). In contrast, at
pH 6.5, the same increase in lauryl hydrogen sulfate concentration
led to a progressive increase in fexofenadine solubility after
reaching >2.5 mg/mL lauryl hydrogen sulfate, which is close to the
reported critical micelle concentration of sodium lauryl sulfate
between pH 6 and 7 (~0.01 mol/L or ~ 2.8 mg/mL18).

Consistent with the fexofenadine data, the saturated solubilities
of the amlodipine lipophilic salts were lower than the besylate salt
solubility (Fig. 4). In this case, the lauryl sulfate salt was morewater
soluble than the docusate salt.

Formulated and Unformulated Lipophilic Salt Dissolution Rate

Dissolution tests were performed to obtain insights into the
kinetic solubilization and wettability of lipophilic salts (Fig. 6). To
minimize the impact of differences in solubility on dissolution rate,
a low target concentration on complete dissolution of 40 mg/mLwas
set. This concentration was below all saturated solubility values
(Fig. 4) and, in some cases, >5 times lower than the solubility values
(i.e., sink conditions were attained).

Fexofenadine HCl and amlodipine besylate dissolution at pH 2
was rapid and complete after 5 min (Figs. 6a and 6b). The rapid rate
of dissolution of the commercial salt forms could be matched by all
the lipophilic salts when incorporated into a type IIIA SEDDSmodel
lipid formulation (see Table 1 for composition). This was due (at
least in part) to rapid emulsification of the formulation to form a
transparent dispersion and the fact the lipophilic salt was already
solubilized within the formulation, therefore bypassing the disso-
lution step entirely. Rapid solubilization was also evident when the
lipid formulation was introduced into the dissolution medium in
capsules (hard gelatin shell) or non-encapsulated (via glass watch-
glass), as shown in Figure 6a for fexofenadine lauryl sulfate.

In contrast, and as expected, the dissolution of unformulated
lipophilic salts was slow and incomplete under the same condi-
tions. For example, at pH 2, more than 80% of fexofenadine lauryl
sulfate remained undissolved at 60 min. Similar observations were
apparent for amlodipine lauryl sulfate (~65% undissolved) and
amlodipine docusate (~95% undissolved) (Fig. 6b). The fact that
more amlodipine lauryl sulfate dissolved suggests that salt solu-
bility played a role in governing salt dissolute rate; however, other
factors appeared to play a role because amlodipine lauryl sulfate
was tested under sink conditions (maximum concentrations in the
test were >5� below the saturated solubility of this salt), yet the
majority of salt at 60 min was undissolved.

To further explore the role of salt solubility, the dissolution of
fexofenadine lauryl sulfate was also assessed at pH 6.5 (Fig. 6c). As
described earlier, fexofenadine lauryl sulfate exhibits markedly
higher aqueous solubility at pH 6.5; however, the dissolution of this
salt at this pH was also incomplete at 60 min (~41% undissolved)
and slower than the dissolution of fexofenadine HCl (Fig. 6c).
Because the lauryl sulfate salt was more soluble than the HCL salt at
this pH, the dissolution results cannot be attributed to solubility
alone. Visually, the incomplete dissolution of lipophilic salts ap-
pears to be due to poor wettability and, in the case of fexofenadine
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lauryl sulfate, some gelling during hydration. As a result, undis-
solved particles formed sticky agglomerates that adhered to the
vessel wall and rotating paddle. Dissolution of fexofenadine lauryl
sulfate at pH 6.5 in the presence of 3 mM sodium taurodeox-
ycholate and 0.75 mM phosphatidyl choline (not shown) led to
increased dissolution at 60 min, but once again remained incom-
plete (71.9 ± 19.3%).

Salt Lipid/Water Partitioning of Drug From Lipid Formulations at
Different pH

Figure 7 follows drug distribution between the lipid phase and
aqueous phase formed following dispersion of lipid formulations
under conditions where pH was progressively increased. To over-
come the complexity of attempting to separate small, well dispersed
colloids from the water phase, studies were performed using a
surfactant-free type I lipid formulation (see Table 1 for composi-
tion). This formulation enabled easy separation of lipid-rich colloids
and the aqueous phase by simple bench-top centrifugation, and
provides an insight into the likely colloidal partitioning tendencies
of lipophilic salts.

Dispersion of the lipid formulation containing fexofenadine free
base resulted in recovery of the vast majority (>90%) of drug within
the aqueous phase at pH values ranging from 2 to 8 (Fig. 7a). Above
Figure 5. (a) Saturated solubility of FXD in pH 2 and pH 6.5 buffer with added free lauryl
Polarized light images of the excess solid phase in the presence of 10 mg/mL lauryl sulfate a
base fexofenadine.
pH 8, the aqueous phase distribution slightly decreased to 85.0 ±
6.9%. In contrast, when using the lipophilic salt form of fex-
ofenadine, much less was present in the aqueous phase. For
example, at pH 2, just over half (51.9 ± 4.7%) of fexofenadine was in
the aqueous phase with the remainder present in the lipid phase.
As pH increased, more fexofenadine partitioned into the aqueous
phase. At intestinal pH (pH 5-7) and higher, the partitioning
behavior of fexofenadine lauryl sulfate and fexofenadine free base
was largely consistent, with values in the aqueous phase differing
by <5.0%.

As observed with fexofenadine, amlodipine free base was pre-
dominantly found in the aqueous phase from pH 2 to 9 although
there was evidence of moderate decreases in the amount of drug in
the aqueous phase from 97.7 ± 9.8% at pH 6 to 82.5 ± 95.6% at pH 9.
Also consistent with fexofenadine, the use of lipophilic salt forms of
amlodipine led to decreased aqueous partitioning with 46.4 ± 3.9%
amlodipine in the aqueous phase at pH 2 in the case of amlodipine
lauryl sulfate and 24.9 ± 1.1% in the case of amlodipine docusate.
The rank order in the aqueous partitioning of the amlodipine salts
at pH 2 (besylate > lauryl sulfate > docusate) was consistent with
trends in aqueous solubility at pH 2 (Fig. 4) and also the counterion
cLog P values (lauryl sulfate ¼ 5.39, docusate ¼ 5.96; ACD/Chem-
Sketch Freeware, Advanced Chemical Development Inc., Toronto,
Canada). Further increases in pH, however, led to negligible change
hydrogen sulfate. Measurements were performed at 37�C with 24 h equilibration. (b)
fter the equilibration period at pH 2 or pH 6.5. Images are �20 magnification. FXD, free
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in amlodipine distribution up to pH 9 irrespective of the lipophilic
salt form.
Discussion

Previous studies have shown that lipophilic salt forms of poorly
water-soluble drugs can dramatically enhance drug-loading
capacity in lipid formulations and, by more effectively harnessing
the advantages of lipid-based formulations, increase absorption
in vivo.12 This study has adapted these basic principles to generate
lipophilic salt forms of water-soluble drugs in order to enhance
drug loading in lipid formulations. Lipid formulations of
water-soluble drugs provide potential benefits including increases
in content uniformity, taste masking, sustained release, high
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± 1 SD).
containment/dust-free production for safe handling of high po-
tency drugs, and potential increases in dispersion/dissolution rate.

New Lipophilic Salt Forms of BCS Class I and III Drugs

Lipophilic salts of the BCS Class I drug amlodipine and BCS Class
III drugs metformin, ranitidine, and fexofenadine were prepared by
salt metathesis reactions using lipophilic acidic counterions.
Counterions were selected based on their past use in oral drug
products either as counterions or excipients/excipient compo-
nents.19 Bulky, lipophilic (cLog P > 4) counterions such as docusate,
lauryl sulfate, and oleate were favored because the introduction of
asymmetry to the salt complex and limited hydrogen bonding
potential were expected to reduce melting point and, in combina-
tion with the use of lipophilic counterions, promote lipid solubility.
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Salt preparationwas initially undertaken at a small (milligram to
1 gram) scale to confirm feasibility of salt formation (by 1H NMR
spectroscopy) and to define optimal salt preparation methods
before scale-up for further characterization. The physical form of
isolated lipophilic salts was evaluated by polarized light micro-
scopy, XRD, and DSC, and the salts ranged from viscous oils to
amorphous or crystalline solids depending on the drug and/or
counterion used.

Fexofenadine lauryl sulfate was isolated as an amorphous
powder (Tg ~50�C) when prepared at the small gram scale or at the
kilogram scale. This amorphous salt showed no evidence of crys-
tallization on prolonged storage at ambient conditions, and at-
tempts to isolate a crystalline form from commonly used organic
solvents were also unsuccessful. These observations are consistent
with a number of investigations in our laboratory where amor-
phous lipophilic salts have been prepared, the great majority of
which have shown no evidence of physical transformations on >6
months storage. They also support the suggestion that the relatively
weak electrostatic forces between the counterion and the drug
(that are reduced by the use of larger counterions to increase inter-
charge distance and ions with a low charge density to decrease
charge magnitude) are insufficient to offset the higher entropy of
the more disordered amorphous/liquid form thereby supporting
long-term physical stability of the non-crystalline salt form.20

Although the overall data suggest a high degree of stability in the
non-crystalline and, sometimes, liquid state, this does not neces-
sarily preclude the existent of a more stable crystalline salt form,
hence our efforts to identify crystalline forms of some new
fexofenadine salts prepared in this study.

Lipophilic Salts Enhance Drug Solubility in Lipidic Excipients and
Lipid Formulations

As expected, lipophilic salts of the water-soluble drugs amlo-
dipine, fexofenadine, metformin, and ranitidine were much more
soluble in lipidic excipients than conventional salt forms and, in
most cases, the free base form of the drugs. Amlodipine docusate
provides a particularly powerful example of this effect, achieving
>100 mg/g solubility in several lipidic excipients and >200 mg/g in
a model type IIIA self-emulsifying lipid formulation (SEDDS). Fex-
ofenadine lauryl sulfate and metformin docusate also achieved >75
mg/g concentrations in a number of different excipients. These
concentrations were generally 5- to 10-fold higher than the solu-
bility of the commercial (HCl) salt or free base forms in the same
excipients.

The higher solubility of the lowmelting lipophilic salts in lipidic
excipients likely stems from lower intermolecular forces in the
solid state (indicated by lowered melting points)21-23 and relatively
weak but typically beneficial solute-solvent interactions resulting
from solvation of the hydrophobic counterions in the hydrophobic
vehicles. Because solute-solvent interactions in non-aqueous
vehicles are typically weak, changes in solid-state interactions
become the primary determinant of solubility. In this way, the use
of a lipophilic salt counterion to depress melting point is an effec-
tive approach to improve drug solubility and therefore loading in
lipid formulations. The affinity of the counterion itself toward the
excipient/formulation is also likely to play a role in determining
lipid solubility. For example, amlodipine lauryl sulfate was more
soluble in lipids than the free base form (Table 4) despite a rela-
tively small depression in melting point (DTm 16.3�C). This finding
supports the hypothesis that the introduction of a counterion can
impact lipid solubility by raising the lipophilicity of the overall salt
complex above the intrinsic lipophilicity of the drug. In this
example, although the lauryl sulfate counterion is considerably
more lipophilic than amlodipine (the cLog P values of amlodipine
and lauryl hydrogen sulfate are 3.01 and 5.39, respectively), the
drug is still relatively lipophilic. Thus, the lipophilicity of the
counterion plays a more important role in determining drug solu-
bility in lipids as drug hydrophilicity increases.

In general, the degree of melting point depression obtained by
employing a lipophilic salt form appears to best inform the
potential for increases in drug solubility in lipid formulations. In
light of this, the relative ability of different counterions to depress
melting point becomes a key determinant of utility. In this study,
although a relatively limited number of counterions was explored,
the docusate counterion was consistently more effective in
depressing melting point when compared to, for example, lauryl
sulfate, consistent with previous work with itraconazole.12 XRD
also indicated that the docusate anion was more effective in elim-
inating crystallinity in amlodipine salts at room temperature,
possibly due to its branched structure (Fig. 1), because this is ex-
pected to be more effective in disrupting molecular packing in the
solid state.

Aqueous Solution Behavior of Unformulated and Lipid Formulated
Lipophilic Salts

The dissolution, solubility, and lipid/water partitioning proper-
ties of the novel lipophilic salts were also investigated in an attempt
to better understand their likely behavior in the gastrointestinal
tract and to determine whether the fast dissolving properties of
conventional salt forms could be matched. Salts of amlodipine and
fexofenadine were evaluated as they provide examples of BCS Class
I and III drugs, respectively.

As expected, the solubility of lipophilic salts at simulated gastric
pH (pH 2), where the salt is the predominant species, was lower
than the values for the free base forms or conventional salt forms
(Fig. 4). Moving to intestinal pH 6.5 did not increase the solubility of
amlodipine lauryl sulfate and amlodipine docusate, suggesting
limited dissociation of these salts. In contrast, the same increase in
pH gave rise to a notable ~10-fold increase in the aqueous solubility
of fexofenadine lauryl sulfate (Fig. 4), pointing to dissociation of the
salt complex at more neutral pH. Solubility testing of fexofenadine
free base in the presence of lauryl hydrogen sulfate (Fig. 5) also
suggested the possibility of micellar solubilization of fexofenadine
at pH 6.5, and provides a possible explanation for the higher sol-
ubility of fexofenadine lauryl sulfate over fexofenadine free base at
pH 6.5 (Fig. 4).

Dissolution of the conventional salt forms, fexofenadine HCl and
amlodipine besylate, was rapid and complete within 5 min under
simulated gastric conditions (Fig. 6). Similarly, rapid solubilization
(>95% in 5 min) was possible for the lipophilic salt forms of both
drugs when formulated in the type IIIA SEDDS formulation. In
comparison, and in line with the solubility results, the dissolution
of the lipophilic salts in the absence of an SEDDS vehicle was slow
and incomplete. The dissolution of unformulated fexofenadine
lauryl sulfate did increase at pH 6.5, again in line with the solubility
results, but remained slow and incomplete at 60 min.

The fact that the dissolution of the unformulated lipophilic salts
was incomplete, even at relatively low doses/low concentrations
(below saturated solubility values in all cases and under sink con-
ditions in some cases), suggests that other factors such as salt
wettability and dispersibility played a role in their slow dissolution
properties. Thus, while there is growing interest in preparing low
melting, lipophilic salt forms of pharmaceutical compounds,13,24,25

the results presented here highlight the importance of matching
the properties of the salts with an appropriate formulation. In this
study, despite high aqueous solubilities in some cases, the new
lipophilic salts exhibited very slow rates of dissolution. When
appropriately formulated in a SEDDS formulation, however, it was
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possible to rapidly achieve the target dissolution/solubilization
profiles of the novel salt form.

On hydration and emulsification of the lipid formulation, the
lipophilic salt is expected to be solubilized with the dispersed
formulation phase or to partition into the bulk water phase. In both
these scenarios, it is possible that the drug exists as the dissociated
free base or may remain associated with the lipophilic counterion.
This is likely to be dependent on pH. The colloidal fate of the
lipophilic salt of a water-soluble drug is a further important
consideration because there is a risk that salts that strongly asso-
ciate with the formulation phase at intestinal pH may exhibit
altered absorption rates when compared with a traditional salt
form. Salt lipid/water partitioning studies (Fig. 7) were therefore
conducted to provide an indication of this behavior and revealed
that lipophilic salt forms were highly solubilized within the
dispersed lipid phase at acidic pH. This confirms the potential for,
for example, acid protection in the stomach and that the predom-
inant species at acidic pH was the lipophilic salt complex, which is
consistent with the lower aqueous solubilities of the salts at acidic
pH when compared to the free base or commercial salt forms
(Figs. 4 and 5).

Increasing pH to mimic the pH profile on moving from the
stomach into the small intestine had a compound-specific effect
on partitioning. In the case of fexofenadine, while the lipophilic
salt form was able to shelter the compound from acidic pH, there
was a progressive increase in aqueous partitioning as pH increased
to pH 7. The increase in aqueous partitioning with increasing pH
might be expected to reflect decreasing ionization of the basic
(piperidine) group in fexofenadine and dissociation of the salt,
effectively liberating the free base. However, changes in piperidine
ionization are likely to be relatively small at low pH because the
(basic) apparent pKa of fexofenadine is ~9.5.26 Consistent with this
suggestion, amlodipine, a base with similar apparent pKa (~9.127),
showed no change in partitioning across the same pH range, even
when the pH was increased to pH 9. An alternative hypothesis is
that increased ionization of the carboxylic acid group of fex-
ofenadine (pKa ~4.326) with increasing pH promotes drug parti-
tioning from the colloidal dispersion into the aqueous phase. This
amphoteric property of fexofenadine creates the possibility that
the drug increasingly forms a zwitterion with increasing pH, in
turn triggering the dissociation from the lipophilic lauryl sulfate
counterion and partitioning of fexofenadine into the aqueous
phase. The solubility data (Fig. 4) support this suggestion and
show that the solubility of fexofenadine lauryl sulfate is signifi-
cantly higher at pH 6.5 when compared to pH 2, consistent with
salt dissociation.

To further support the contention that it is ionization of the
carboxylic acid group of fexofenadine that triggers dissociation of
the lauryl sulfate salt (rather than deprotonation of the basic cen-
ter), additional studies were performed using terfenadineda pro-
drug of fexofenadine that lacks the carboxylic group and that
therefore cannot form a zwitterion. Salt partitioning studies using
the lauryl sulfate salt of terfenadine revealed no increase in
aqueous phase partitioning on increasing pH from 2 to 7, and in fact
revealed a trend toward decreasing aqueous phase partitioning
above pH 4-5 (Fig. S9). Because these findings were in contrast to
the fexofenadine results, the pH-dependent increase in aqueous
phase partitioning of fexofenadine lauryl sulfate can most likely be
attributed to increased ionization of the carboxylic acid group and
formation of the zwitterion.

Collectively, the salt partitioning studies and the solubility
results suggest that lipophilic salts in combination with lipid
vehicles can shelter drug from the acidic conditions of the stom-
ach, and the shift in pH on moving to the small intestine is in some
cases (e.g., fexofenadine) likely to be sufficient to promote release
of the drug into the aqueous phase from where it may be
absorbed.

Thus, the high solubility of fexofenadine lipophilic salts in lipidic
excipients and subsequent partitioning into the aqueous phase at
neutral pH suggest that lipophilic salts of fexofenadine are suited
for lipid formulation development. In instances where lipophilic
salts of water-soluble drugs show strong affinity toward lipid-based
colloids at intestinal pH (e.g., amlodipine), a rational lipid formu-
lation design strategy is needed to ensure that the target rate and
extent of absorption is met, and to reduce the impact on intestinal
lipid digestion on performance.

Conclusions

New lipophilic salts of drugs belonging to BCS Class I (amlodi-
pine) and BCS Class III (fexofenadine, ranitidine, and metformin)
have been successfully prepared and shown to exhibit significantly
higher solubility in lipidic excipients when compared to the free
base or conventional salt forms, with concentrations above >75
mg/g achievable for all the salt forms prepared in this study. The
lipophilic salts show low aqueous solubility at gastric pH and in
some cases (e.g., fexofenadine) show increased solubility at intes-
tinal pH where the salt complex dissociates at neutral pH.
Regardless of intrinsic aqueous solubility, when formulated in a
concept SEDDS formulation, rapid solubilization of the salt could be
achieved in all cases, irrespective of pH, providing the potential to
match in vivo absorption properties when compared to existing
immediate-release dosage forms containing traditional salt forms
(e.g., HCl). Water/lipid partitioning studies provide insight into the
colloidal fate of lipophilic salts with respect to changing pH, and
evidence that lipophilic salts can promote lipid sheltering of water-
soluble bases at acidic pH. In the case of fexofenadine, zwitterion
formation at intestinal pH triggers dissociation of the lipophilic salt
and release of the free drug into thewater phase. This lipophilic salt
approach offers the opportunity to produce new, highly lipid-
soluble salts of BCS Class I and III drugs, unlocking new product
development opportunities such as fast acting, high-dose liquid-
filled capsule products for pharmaceutical or consumer health
applications.
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