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ABSTRACT

Purpose Surfactants are increasingly being added to
amorphous solid dispersion (ASDs) formulations to
enhance processability and release performance. The
goal of the current work was to investigate the impact of
cationic, anionic and non-ionic surfactants on the rate
and extent of clopidogrel (CPD) release from copovi-
done-based ASDs.

Methods CPD release was evaluated for ASDs with
different drug loadings using a surface normalized
intrinsic dissolution apparatus. Studies were also car-
ried out using dynamic light scattering, zeta potential
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measurements, and nuclear magnetic resonance spec-
troscopy to probe the impact of surfactants on drug-
rich nanodroplet physical stability and clopidogrel-
surfactant interactions.

Results CPD ASDs showed good release for drug load-
ings as high as 40%, before the release fell off a cliff
at higher drug loadings. Only sodium dodecyl sulfate,
added at a 5% level, was able to improve the release at
50% drug loading, with other surfactants proving to
be ineffective. However, some of the surfactants evalu-
ated did show some benefits in improving nanodroplet
stability against size enlargement. Ionic and non-ionic
surfactants were observed to interact differently with
CPD-rich nanodroplets, and variations in the kinetics
and morphology of water-induced phase separation
were noted in the presence and absence of surfactants
in ASD films.

Conclusions In summary, addition of surfactants to
ASD formulations may lead to some improvements in
formulation performance, but predictive capabilities
and mechanisms of surfactant effect still require fur-
ther studies.
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ABBREVIATIONS
API Active pharmaceutical ingredient
ASD Amorphous solid dispersion

AUC Area under the curve

CMC Critical micelle concentration
CPD Clopidogrel

CTAB Cetrimonium bromide

DLS Dynamic light scattering
GLPS  Glass liquid phase separation
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HLB Hydrophilic lipophilic balance

HPLC  High performance liquid chromatography

LLPS  Liquid liquid phase separation

LoC Limit of Congruency

NMR  Nuclear magnetic resonance

NTA Nanoparticle tracking analysis

PVPVA  Copovidone

SDS Sodium dodecyl sulfate

1, Glass transition temperature

TPGS  D-o-tocopherol polyethylene glycol 1000
succinate

TWN  Tween 80

uv Ultraviolet

INTRODUCTION

Solubility and permeability directly impact oral absorp-
tion, and consequently bioavailability, as outlined in the
biopharmaceutical classification system (1). For solu-
bility-limited active pharmaceutical ingredients (APIs)
(class II and IV, which have high and low permeabil-
ity respectively), an increase in solution concentration
beyond the crystalline solubility may increase bioavail-
ability since the absorption rate depends on the dis-
solved free drug concentration (2). For these classes of
APIs, one of the strategies to increase transport of drugs
across the membrane is to utilize an enabling formu-
lation that leads to supersaturation. In supersaturated
solutions, the equilibrium solubility is exceeded, and
the solute has a higher thermodynamic activity than
in a solution at equilibrium, resulting in a higher flux
across a membrane. If permeability is not the rate limit-
ing step, a higher bioavailability can be achieved (2-4).
Supersaturation results from dissolution of a higher
energy solid state such as the amorphous form of an
API, or from a rapid change of environment from
highly soluble to less soluble conditions, for example
by pH variation (5). Additionally, when the maximum
supersaturation is exceeded, i.e. above the amorphous
solubility, formation of drug-rich amorphous nanodro-
plets occurs (in the absence of crystallization) (5).
Formation of drug-rich nanodroplets, also called
promiscuous aggregation, of poorly soluble drugs
has been reported during high-throughput screen-
ing (HTS) assays during dilution of a concentrated drug
stock solution, as well as during dissolution of drugs
formulated as a high energy state (6). Nanodroplets
form via liquid-liquid phase separation (LLPS) when a
critical concentration is exceeded. This concentration
has to exceed the binodal composition on the misci-
bility phase diagram for nucleated phase separation,
or the spinodal composition for spontaneous phase
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separation; these concentrations are typically close
together for poorly soluble drugs in water (7). Above
the LLPS concentration, demixing of the drug from
the bulk aqueous phase occurs, leading to two liquid
phases, a solvent-rich phase and a drug-rich phase (8).
If the glass transition temperature (7,) of the drug is
above the experimental temperature, then the drug-
rich phase will be in the glassy state and the process
can be termed glass-liquid phase separation (GLPS) (9).
The LLPS concentration shows good correspondence
with the amorphous solubility (binodal composition),
and any additional drug added to the solution phase
above the LLPS or GLPS concentration forms drug-rich
nanodroplets (6, 7). The typical initial size range of the
nanodroplets is 50—-1000 nm (10-13). Drug-rich nan-
odroplets can be formed by different methods includ-
ing solvent shift, amorphous solid dispersion (ASD) dis-
solution, and pH or solvent shift. In solvent shift, the
drug is solubilized in an organic solvent, then added
into an aqueous solvent; this method is extensively used
during HTS (6, 14), and to determine the amorphous
solubility (4, 7, 10, 15). During ASD dissolution, espe-
cially when a hydrophilic polymer drives the dissolu-
tion, the matrix components are released rapidly with
the generation of API-rich nanodroplets indicating that
the LLPS concentration was exceeded (2, 16). pH shift
is relevant in vivo in particular for weak bases. During
gastrointestinal transit, weakly basic drugs can undergo
a decrease in solubility on transit from the low pH in
the stomach where they exist in ionized form to the
higher pH in the small intestine where the un-ionized
form predominates (5, 10, 17, 18).

Formation of drug-rich nanodroplets during dissolu-
tion of drug formulations, especially from amorphous
solid dispersions, is thought to be beneficial for bio-
availability (3, 11, 19-21). First, nanodroplets may act as
a reservoir; the fast dissolution of nanodroplets sustains
rapid absorption by maintaining the maximum super-
saturation (3). Second, the nanodroplets generated may
provide benefits during absorption by drifting into the
mucous layer (11, 21, 22). Wilson et al., reported an
increase of the area under the curve (AUC) in a rat
study following oral dosing of an enzalutamide-copovi-
done (PVPVA) ASD which formed nanodroplets relative
to an ASD formulation that formed a supersaturated
solution without nanodroplets (19). Moreover, Kesi-
soglou et al., suggested that the formation of nanodrop-
lets of 100 nm or smaller following ASD dissolution gave
improved bioavailability compared to nanodroplets
200 nm or larger for anacetrapib systems (11). Similarly,
Stewart et al., noted that an ASD of itraconazole with
hydroxypropylmethylcellulose acetate succinate (HPM-
CAS) that generated drug-rich species of 150-400 nm
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during dissolution showed 10-50% higher bioavailabil-
ity than formulations without drug-rich nanodroplets.
Additionally, in formulations where nanodroplet size
increased, there was a decrease in apparent concentra-
tion in the receiver cell during flux studies (21). This
suggests that formation of nanodroplets by ASD dissolu-
tion and maintenance of a small size within the avail-
able gastrointestinal (GI) transit time is important. The
available transit time refers to the time the drug spends
in the GI tract before reaching its absorptive site as well
as its residence time at the site of absorption (18).

A supersaturated solution containing a drug-rich
phase is thermodynamically metastable, consequently
both drug crystallization and coarsening of the drug-
rich phase may occur (23-25). The nanodroplets are
dispersed in the continuous aqueous-rich phase, and
can undergo coarsening by several mechanisms such as
creaming, Ostwald ripening, flocculation, and coales-
cence (26, 27). Coarsening of the drug-rich phase may
negate the reservoir effect as well as possible drifting
into the mucous layer. Moreover, drug crystallization
will reduce any bioavailability advantage by eliminating
supersaturation.

Surfactants are widely known to stabilize a variety
of dispersed systems such as emulsions and suspen-
sions (28). Thus, they can reasonably be expected to
stabilize the drug-rich nanodroplets formed upon
ASD dissolution. Surfactants are commonly used in
amorphous drug formulations for a variety of reasons;
they have been added to improve dissolution behavior

and incorporated to aid processes such as hot melt
extrusion (29-31). In solution, micellar surfactant
can increase solubility, but it may decrease the drug
absorption by lowering the chemical potential of the
drug (4, 15, 32). Surfactant selection is largely empir-
ical and the drug-to-surfactant ratio used typically
ranges from 20:1 to 2:1 for physically stable nanocrys-
talline formulations and 30 to 60% w/w of the formu-
lation for self-emulsitying formulations (33-35). The
correct ratio is important since too little surfactant
will allow coalescence/agglomeration while too much
will promote Ostwald ripening (33). Surfactants have
been also reported to induce drug crystallization in
both the solid matrix and from supersaturated solu-
tions (29, 36, 37). Thus, careful evaluation of advan-
tages (nanodroplet size stabilization) and disadvan-
tages (e.g. enhanced crystallization) is needed when
adding surfactants to ASD formulations.

The purpose of the current study was first to evalu-
ate the minimum concentration of surfactant required
to prevent drug-rich nanodroplet size increase for at
least 4 h, which is considered the biologically relevant
timeframe for gastric and small intestinal transit. Sec-
ond, the impact of surfactant on drug release from
copovidone (PVPVA) based ASDs was evaluated. 'H
nuclear magnetic resonance ("H NMR) spectroscopy
was employed to probe the mechanisms of nanodroplet
size stabilization by an anionic (sodium dodecyl sulfate,
SDS), a cationic (cetyltrimethylammonium bromide,
CTAB), and two nonionic surfactants [D-a-tocopherol
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Fig. | Molecular structures of clopidogrel, PVPVA, SDS, CTAB, Tween®80, and TPGS.
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polyethylene glycol 1000 succinate (TPGS) and poly-
sorbate 80]. Structures of the model compounds are
shown in Fig. 1. Clopidogrel free base was selected as
a model slowly-crystallizing poorly-soluble compound.
An absence of crystallization over long experimen-
tal time frames enables evaluation of nanodroplet
properties.

EXPERIMENTAL SECTION
Materials

Clopidogrel free base (CPD) was purchased from Attix
Corporation (Toronto, ON). Polyvinylpyrrolidone-vinyl
acetate copolymer VA64 (PVPVA) was obtained from
BASF (Ludwigshafen, Germany). Sodium dodecyl sul-
fate (SDS), D-a-tocopherol polyethylene glycol 1000
succinate (TPGS) and polysorbate 80 (TWN), were
purchased from Sigma Aldrich (St. Louis, MO). The
supplier for cetyltrimethylammonium bromide (CTAB)
was Alfa Aesar (Haverhill, MA). Deuterium oxide (D,O)
99.9% and deuterated methanol (methanol-d,) were
obtained from Cambridge Isotope Laboratories Inc.
(Andover, MA). Sodium phosphate monobasic mono-
hydrate and sodium phosphate dibasic anhydrous were
purchased from Fisher scientific (Hampton, NH).

Experiments were conducted in phosphate buffer
50 mM pH 6.8 prepared by dissolving 3.52 g of sodium
phosphate monobasic monohydrate and 3.479 g of
sodium phosphate dibasic anhydrous in water to a final
volume of 1000 ml where the final pH was adjusted to
6.8 with either NaOH or phosphoric acid and verified
using a pH meter.

Methods

Liquid-Liquid Phase Separation (LLPS) Concentration
Determination

The concentration where LLPS was observed was
assessed using the solvent shift method in the presence
and absence of surfactant using UV extinction and
ultracentrifugation (7). Flux measurements (15) were
used for confirmation in select instances.

For UV-extinction, a methanolic stock solution
of CPD was titrated into 15 ml of pH 6.8 phosphate
buffer using a syringe pump (Harvard apparatus, Hol-
liston, MA). The addition rate of the stock solution
was adjusted such that the duration of the experiment
was less than 10 min. The methanolic stock solution
of CPD was prepared to be sufficiently concentrated
such that final methanol content did not exceed 2%.
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Measurements were undertaken at 37°C with stirring
at 300 rpm. A UV/vis spectrophotometer coupled with
a l-cm path length fiber optically coupled dip probe
(Tuscan, AZ, USA) were used to monitor changes in
scattering by monitoring extinction at a non-absorbing
wavelength (450 nm). The time interval between scans
was 15 s. The concentration at which an increase in scat-
tering was observed was taken as the amorphous solubil-
ity i.e. the LLPS onset. All experiments were repeated
at least in triplicate.

The amorphous solubility was also assessed by cen-
trifugation by adding 70-100 pL of a concentrated
methanolic stock solution of CPD (10-15 mg/ml) to
10 ml of buffer at 37°C to produce a solution with a
concentration above the amorphous solubility. 1 ml
of the resultant system was centrifuged at 14800 rpm
(21100 g) for 45 min at 37°C using a Sorvall Micro 21R
Microcentrifuge (ThermoFisher Scientific, Hanover
park, IL) equipped with a 24x1.5/2.0 ml rotor with
click seal biocontainment lid, to pellet the drug-rich
phase. Alternatively, if pelleting was incomplete due to
formation of very small nanoparticles, an Optima L-100
XP ultracentrifuge equipped with a fixed-angle rotor
50.2 Ti (Beckman Coulter, Inc., Brea, CA) was used for
centrifugation at 45000 rpm (184048 g) for 40 min at
37°C. An aliquot of 500 pL of supernatant was diluted
with 500 pL of organic solvent (methanol:acetonitrile
30:20 v/v) followed by concentration determination
using an Agilent 1260 Infinity high performance lig-
uid chromatography (HPLC) system (Agilent Tech-
nologies, Santa Clara, CA). An Ascentis Express col-
umn (15 cmx 4.6 mm, 5 pm) Sigma Aldrich (St. Louis,
MO) was used for chromatographic separation. The
mobile phase consisted of phosphoric acid 25 mM:
methanol:acetonitrile (40:40:20 v/v) at a flow rate of
1 ml/min. The injection volume was 20 pL and an ultra-
violet (UV) detector at a wavelength of 220 nm was used
to detect CPD.

Determination of Surfactant Critical Micelle Concentration
(€MQ)

Fluorescence spectroscopy was used to determine the
CMC of surfactants SDS, CTAB and TPGS in 50 mM
phosphate buffer at 37°C using pyrene as the environ-
ment sensitive fluorescent probe molecule. TWN did
not present a clear CMC by fluorescence. In some cases,
values were confirmed using surface tension measure-
ments. At concentrations below the CMC, surfactants
exist in solution as monomers and pyrene is molecularly
dissolved in a hydrophilic aqueous environment. When
the CMC is reached, surfactants form micelles with a
lipophilic core whereby partitioned pyrene senses a less
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polar environment. The slope change of the ratio of the
emission peak at 371 nm, (peak I) to the peak at 382 nm
(peak III) as a function of surfactant concentration ena-
bles the CMC to be determined (38).

The fluorescence spectrum for solutions containing
0.2 pg/ml pyrene was acquired as a function of sur-
factant concentration at 37°C using a Shimadzu RF-
5301PC spectrofluorometer (Kyoto, Japan) at an exci-
tation wavelength 332 nm. The emission wavelength at
the maximum intensity A, 350 nm was recorded and
the concentration at which a change in the slope of
the ratio of the emission peak at 371 nm, (peak I) to
the peak at 382 nm (peak III) observed was taken as
the CMC.

The surface tension of phosphate buffer at 37°C as
a function of surfactant concentration was measured
by the Wilhelmy method using a Kruss tensiometer
(Hamburg, Germany). CMC was taken as the break
point in a plot of surface tension versus log surfactant
concentration.

Nanodroplet Size Stability

Drug-rich nanodroplets were formed following anti-
solvent addition of a methanolic stock solution of CPD
(10 mg/ml) to phosphate buffer, with or without sur-
factant, pre-equilibrated at 37°C. Samples were main-
tained at 37°C and 200 rpm over the 4-h experimen-
tal time period. The target particle concentration was
108-10'? particles/ml. The analysis temperature was
maintained at 37°C during measurement.

Nanodroplet size was monitored every hour for 4 h in
presence of surfactants using dynamic light scattering
(DLS) performed with a Zetasizer Nano ZS (Malvern
Instruments, Westborough, MA). The instrument was
set to backscatter mode at an angle of 173°.

Size distribution and particle concentration were
determined by nanoparticle tracking analysis (NTA)
using a Nanosight LM10 (Malvern Instruments, West-
borough, MA) equipped with a 532 nm laser. The light
scattered by the nanodroplets were observed using a
x20 objective and 3 videos of 30 s each were recorded.
All experiments were repeated in triplicate.

Zeta Potential Measurements

Zeta potential reflects the surface potential of the nan-
odroplets. Adsorption of surfactants onto the nanodro-
plet surface is expected to alter zeta potential, particu-
larly for charged surfactants, leading to stabilization
due to electrostatic repulsion (39). Zeta potential in

the presence of surfactants was determined using a
Zetasizer Nano ZS (Malvern instruments, Westborough,
MA). The temperature of the sample holder was set at
37°C.

Solution "H Nuclear Magnetic Resonance (NMR) Spectroscopy

A Bruker Avance-11I-800 (Bruker BioSpin, Karlsruhe,
Germany) equipped with a QCI cryoprobe was used for
all NMR measurements. Two different sequences were
used, WATERGATE and single pulse.

Phosphate buffer 50 mM pH 6.8 containing tri-
methylsilyl propionate (TSP) at 50 pg/ml as the inter-
nal reference standard was prepared in HyO/D,O
(9/1, v/v). Surfactants were dissolved in the buffer
at the desired concentration. CPD stock solutions at
10 mg/ml and 1 mg/ml were prepared in methanol-
d,. The CPD stock solution was spiked into the buffer
containing surfactant pre-equilibrated at 37°C stirring
at 300 rpm. The concentration of methanol-d, added
was always below 2% v/v. 500 pL of sample was trans-
ferred to an NMR tube and spectra were collected at
37°C or 50°C with suppression of water signal using the
WATERGATE solvent suppression method (40). The
scan number of spectra was set at 64 for SDS and CTAB
solutions, and 128 for TPGS and TWN solutions.

For single pulse measurements, samples were pre-
pared in pH 6.8 50 mM phosphate buffer containing
50 pg/ml TSP where D,O was used instead of HyO.
The "H NMR spectrum was obtained with a single
pulse sequence using a relaxation delay of 15 s and the
90-degree high power pulse (P1) was 10.25 ps.

CPD and surfactant concentrations were determined
from the peak area of the "H NMR spectra using TSP as
the internal reference.

Amorphous Solid Dispersion Preparation by Rotary Evaporation

CPD-PVPVA binary and CPD:PVPVA:surfactant ternary
ASDs were prepared by rotary evaporation. The amount
of surfactant in the ternary ASD was kept constant as
5 g of surfactant per 100 g of drug and polymer. Com-
positions of the ASDs are expressed as weight ratios
rather than weight percent to enable easier comparison
between the performance of binary versus ternary ASD.
For example, CPD 40 drug loading (DL) refers to 40 g
of CPD and 60 g of PVPVA for the binary ASD, while
it refers to 40 g of CPD, 60 g of PVPVA, and 5 g of sur-
factant for the ternary system. ASDs with drug loadings
from 20 to 60 DL and various surfactants (SDS, CTAB,
TPGS and TWN) were prepared by dissolving solids in
approximately 50 ml of methanol followed by 20 min
sonication until a clear solution was obtained. Solvent
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was removed by rotary evaporation using a Heidolph
rotary evaporator (Schwabach, Germany) rotating at 150
rpm equipped with a Heidolph water bath maintained at
50°C. Samples were subsequently left under vacuum for
at least 24 h. The ASD powder was milled using a mortar
and pestle and sieved through a 425 pm sieve.

Surface Normalized Dissolution of ASD Tablets

Surface normalized dissolution under non-sink condi-
tions with respect to the amorphous solubility was car-
ried out using Wood’s intrinsic dissolution rate appa-
ratus (Agilent Technologies, Santa Clara, CA). Surface
normalized dissolution assumes that the exposed surface
area of the eroding tablet remains constant through the
experiment. The ASD tablets were prepared immedi-
ately prior to release experiments by adding 100 mg of
ASD powder into an 8 mm die yielding a tablet surface
area of 50 mm?. The powder was tableted by applying
a compression force of 1500 psi for 60 s using a man-
ual Carver press (Carver Inc., Wabash IN). The die was
mounted onto a shaft which was attached to an IKA
Eurostart 20 overhead stirrer (IKA Works Inc., Wilm-
ington, NC) and a rotation speed of 100 rpm was used.
The die containing the tablet was immersed into 100 ml
of 50 mM pH 6.8 phosphate buffer degassed and pre-
equilibrated at 37°C in a water jacketed beaker. Sam-
ple was removed every 5 min for the initial 20 min and
then every 10 min up to 120 min of analysis time. Fresh
medium was added to maintain a constant volume.

Clopidogrel concentration was determined by HPLC
using an Agilent 1100 system (Agilent Technologies,
Santa Clara, CA). The column used for separation was
a Thermo Hypersil gold C8 150 cmx 4.6 mm with 3 pm
particle size column (Thermo Scientific, Waltham, MA).
The mobile phase consisted of phosphoric acid 25 mM
in water:methanol:acetonitrile 40:40:20 v/v/v pumped
at 0.7 ml/min flow rate. The injection volume was 10 pL
and retention time was 4.4 min. CPD was detected using
an ultraviolet (UV) detector at a wavelength (1) 217 nm.
A calibration curve was build using CPD for the concen-
tration range 5 to 80 pg/ml (r2 of 0.999). All samples
were diluted if needed using mobile phase to a concen-
tration within the calibration curve range.

PVPVA concentration was assessed by HPLC using
a size exclusion chromatography (SEC) column,
300 mm x 8 mm A 2500 Viscotek with an exclusion limit
of 10000 Da for pullulan (Malvern Panalytical, Malvern,
UK). The column temperature was 37°C. The mobile
phase was composed of pH 7.4 phosphate-buffered
saline: methanol 80:20 v/v at a flow rate of 0.5 ml/
min. The injection volume was 40 pL. and PVPVA was
detected by UV absorption at a wavelength of 205 nm
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and the retention time was 10.5 min. A calibration curve
of PVPVA in the range 10 to 80 pg/ml was linear (r% of
0.999). Samples were diluted, if needed, with mobile
phase to adjust concentrations to be within the calibra-
tion curve range.

The surface normalized dissolution rate (R) was cal-
culated based on the mg released versus time profile.
The slope from cumulative mg release vs time rep-
resents the dissolution rate (k). To normalize, k was
divided by the tablet surface area (S, 0.5 cm?) multi-
plied by the fraction of the component (x) (Eq. 1)

_k
SXx

(1)

Statistical analysis for the percent release and the
normalized release rate of the different ASDs was per-
formed using RStudio software (41). Analysis of vari-
ances (ANOVA) was run followed by the post hoc test
Turkey HSD to determine if differences were statisti-
cally significant.

Amorphous-Amorphous Phase Separation Determination
by Fluorescence Microscopy

Confocal microscopy was used to investigate phase sepa-
ration using Nile red and Alexa 488 as the hydrophobic
and hydrophilic fluorescent probes, which are expected
to stain the drug-rich and polymer-rich phases respec-
tively. When phase separation occurs, forming drug-rich
and polymer-rich phases, the hydrophobic probe will
partition into the drug-rich phase, with a concurrent
increase in signal while the hydrophilic probe will parti-
tion into the polymer-rich phase (12, 16, 42-44).

A thin ASD film containing the probes was prepared
by spin coating using a Chemat Technology KW-4A
spin coater (Northridge, CA). Samples were spincoated
at 30 rpm for 12 s followed by 2000 rpm for 50 s, fol-
lowed by heating at 70°C. To evaluate water-induced
phase separation, freshly prepared films were com-
pared to films exposed to 100% RH for 5 min. Films
were observed using a Nikon AIR confocal microscope
(Nikon Corporation, Tokyo, Japan) using an excitation
wavelength at 561 nm for Nile red and 488 nm for Alexa
488.

RESULTS
Critical Micelle Concentration (CMC)
Table I shows the CMC values determined for the vari-

ous surfactants, together with the hydrophilic-lipophilic
balance (HLB) values from literature.
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Table I Critical Micelle Concentration (CMC) of Surfactants by Fluo-
rescence Spectroscopy (F) and in Some Cases Confirmed by Surface
Tension (ST). CMCs were Determined in 50 mM Phosphate Buffer,
pH 6.8 and 37°C

Table Il LLPS Concentration of CPD in Different Media at 37°C.
Reported Value Corresponds to UV-Extinction (UV) Method and
were Confirmed Using Centrifugation (C) or Diffusion Cell (DC)

Solvent LLPS concentration Method
Surfactant CMC (pg/ml) Method HLB (pg/ml)
SDS 487 £ 34 F, ST 40 (45) Phosphate buffer pH 6.8 23+3* uyv, C, DC
CTAB 50 F, ST 22 (46) SDS 50 pg/ml 20+ | uyv, C
TPGS 40 F, ST 132 (47) CTAB 5 pg/ml 20+ 1 uv
TWN ~14 ST 15 (45) CTAB 50 pg/ml 24+2 uv
TPGS 5 pg/ml 20+ 1 uv
TPGS 50 pg/ml 29+2 uv
SDS has the highest CMC, whereby the measured ~ TWWN 5 pg/ml D2 uv, C
value is in good agreement with literature reports fora VN30 pg/ml 3042 uv.C
similar medium (500 pg /ml (5), and 433 pg/ml (48)).  FBin D0, pH 68 171 Uv
Water 49 uv

The CMC value obtained for CTAB herein is lower than
the value reported for in water (328 pg/ml) (49). TWN
has a reported CMC value range from 13 to 34 pg/ml in
water (50-52) and 4.7 pg/ml in 10 mM phosphate-buff-
ered normal saline pH 7.4 at 25°C (53). The high vari-
ation in reported CMC for TWN is likely due to chemi-
cal heterogeneity and batch-to-batch variability (54, 55).
The CMC of TWN obtained in this study falls within
the range of the previously reported values. The CMC
of TPGS in water at room temperature was reported as
30 pg/ml (56) which is close to the experimental value
in phosphate buffer noted in this study.

Liquid-Liquid Phase Separation Concentration
(LLPS)

The LLPS concentrations for CPD in various media are
summarized in Table II. The impact of surfactant con-
centration on the LLPS concentration varied depend-
ing on the surfactant. SDS behaved as observed pre-
viously (5), where the LLPS concentration increased
only when CMC was exceeded (Fig. S1). Solubilization,
as reflected by an increase in the LLPS concentration
was not observed for low TPGS and TWN concentra-
tions (5 pg/ml), whereas increases were observed for
higher surfactant concentrations (50 pg/ml). A lower
LLPS concentration in DyO versus HyO PB has been
reported previously (25), and can be attributed to the
higher polarity of D,O; D,O is reported to be more
ordered and to form stronger hydrogen bonding com-
pared to H,O (57).

Nanodroplet Size Stability

Increasing surfactant concentration resulted in CPD
nanodroplets with a smaller initial size. For example, an
initial size reduction from ~520 nm in buffer to 280 nm
in the presence of 4 pg/ml of TPGS was observed (sup-
plementary information, section S2). Similar decreases

Reported values are mean * standard deviation for n=3 from the UV
method

*value by UV  extinction, confirmed by ultracentrifugation
(18.3% 1.0 pg/ml) and diffusion cell (20 pg/ml - 25 pg/ml)

in size were observed for the other surfactants. The size
stability of nanodroplets in the presence of different
surfactants was also evaluated using DLS and NTA to
identify the minimum amount of surfactant needed to
prevent size enlargement (supplementary information,
section S2). CPD nanodroplets were unstable in buffer,
increasing in size and polydispersity index (Fig. 2). The
surfactant concentration needed to stabilize nanodrop-
let size varied with surfactant type (Fig. 2). For example,
50 pg/ml of SDS was necessary to stabilize the nanodro-
plet size whereas <b pg/ml of TPGS and TWN was suffi-
cient. In contrast, CTAB induced instability, producing
large agglomerates that floated on the solution surface
(supplementary information, section S2).

Figure 3 presents results for zeta potential meas-
urements of CPD nanodroplets in the presence and
absence of the different surfactants.

The increase in the absolute magnitude of the zeta
potential by SDS and CTAB, and the decrease in the
presence of TWN and TPGS support adsorption of the
surfactant at the nanodroplet surface.

'H NMR Spectroscopy

Peaks arising from aromatic groups in CPD, with assign-
ments are shown in Fig. 4. At 37°C, only peaks arising
from molecularly dissolved CPD were visible, despite
the presence of nanodroplets. When the temperature
was increased to 50°C, a second set of CPD aromatic
proton peaks was observed, arising from clopidogrel
present in drug-rich nanodroplets. Additionally, at 50°C
solubility was increased to ~30 pg/ml, thus at the evalu-
ated temperature, ~40 pg/ml of CPD is in the drug-rich
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Fig. 2 CPD nanodroplet size stability at 37°C in 50 mM PB pH 6.8 without surfactant and with CTAB at 50 pg/ml, SDS at 50 pg/ml, TPGS at
4 pg/ml, and TWN at 5 pg/ml. (@) Z-Average ratio and (b) PDI ratio. Size stability also confirmed by NTA. The ratio was calculated by dividing the
property at the experimental time point by the corresponding value at t=0. A ratio close to | indicates no change in the parameter, while values
>| indicate particle size/polydispersity increase. Values are mean * standard deviation for n=3.
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Fig. 3 Zeta potential of clopidogrel at 70 pg/ml (50 pg/ml as nan-
odroplets) in 50 mM phosphate buffer without surfactant (PB pH 6.8)
and with surfactants: SDS at 50 pg/ml (SDS 50), CTAB at 50 pg/ml
(CTAB 50), TPGS at 4 and 50 pg/ml (TPGS 4, TPGS 50), and Tween
80 at 5 and 50 pg/ml (TWN 5, TWN 50). Values are mean £ standard
deviation for n=3.

Fig. 4 CPD in 50 mM PB
pH 6.8 at 37°C (black) and
at 50°C (pink). New peaks
detected at 50°C (marked with |1
*) correspond to CPD in the 37 '

nanodroplet phase. The CPD A ‘
concentration was 70 pg/ml. [ A
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nanodroplet phase. Peaks arising from CPD in the drug-
rich nanodroplets were broad and up-field from the
peaks arising from molecularly dissolved CPD, consist-
ent with the molecules in the nanodroplets experienc-
ing a less polar and lower mobility environment than
the clopidogrel molecules dissolved in water. Similar
observations have been made for the NMR spectra of
ibuprofen solutions at concentrations above the amor-
phous solubility. In these spectra, there are two sets of
peaks which arise from molecularly dissolved drug and
drug in the drug-rich nanodroplets, whereas below the
LLPS concentration, only one set of peaks was present
(58). The appearance of the CPD nanodroplet peaks at
50°C (but not at 37°C) is due to the increased mobility
of the molecules in the drug-rich nanodroplets as the
temperature is increased, whereby the reorientation
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correlation time of CPD molecules in the nanodroplets
now becomes fast enough to be captured by solution-
state NMR spectroscopy (25). This phenomenon has
been reported previously for amorphous indometha-
cin. Static proton NMR of amorphous indomethacin
showed solution-like sharp peaks corresponding to the
supercooled liquid form of indomethacin when meas-
ured at 90°C which is around 50°C higher than the
indomethacin Tg (onset at 42°C); however, at tempera-
tures close to the Tg (50°C and 70°C), indomethacin
peaks were substantially broadened (59). The 7, of CPD
is —9°C and clearly molecular mobility is insufficient
at 37°C, but becomes high enough to detect the drug
in the drug-rich nanodroplets at 50°C. As expected,
nanodroplet peaks were absent from NMR spectra of
solutions below the LLPS concentration, and the inten-
sity of the peaks assigned to drug in the nanodroplets
increased with an increasing concentration of nanodro-
plets (supplementary information, section S3).

NMR spectroscopy can be used to obtain informa-
tion on micellar solubilization by measuring shifts in
peak positions on addition of the solute to a solution
containing the surfactant. For example, the "H NMR
spectrum of a compound solubilized in a surfactant
typically shows an up-field shift consistent with a less
polar environment (32). NMR spectroscopy can also
be used to determine if additives such as surfactants
become depleted from solution due to partitioning into
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drug-rich nanodroplets (60-62). Representative NMR
spectra are shown below for the TPGS system which
shows evidence of both micellar solubilization of the
drug as well as partitioning of the surfactant into the
drug-rich nanodroplets.

Figure 5 shows that CPD solution-phase peaks are
shifted up-field in the presence of TPGS. The shift was
observed for CPD concentrations both above and below
the LLPS concentration (supplementary information,
section S3). This suggests a solution phase interaction,
namely solubilization in micelles. The environment in
the micelles is less polar relative to water, accounting
for the up-field shift. Although TPGS CMC in buffer is
~50 pg/ml, it is well known that the presence of addi-
tives (for example a drug) affects the CMC (63, 64).

In concert, TPGS peaks shifted up-field in the pres-
ence of CPD. This suggests that the chemical environ-
ment around TPGS was changed, thus surfactant mol-
ecules experience a less polar environment. Additional
experiments were conducted to evaluate depletion of
TPGS from the solution phase and confirm partitioning
into the nanodroplets. A single pulse sequence was used
to accurately quantify TPGS since the NMR peak area
is less affected by ]-modulation and T relaxation effects
(65-67). Experiments were also conducted at 50°C to
interrogate CPD nanodroplets.

At 50°C, CPD solution phase peaks are broadened
and up-field-shifted in the presence of TPGS (as
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Fig. 5 Clopidogrel (left) and TPGS (right) peaks for increasing concentrations of CPD at 37°C in 50 mM PB pH 6.8 containing TPGS at 50 pg/ml.
Vertical dashed lines correspond to CPD and TPGS peak position in buffer. Legend shows the clopidogrel (C) and TPGS (T) concentrations in pg/

ml.
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7.5 7.3 71 6.8 8.7 6.5

Ppm

Fig. 6 Clopidogrel (left) and TPGS (right) peaks for CPD 70 pg/ml and TPGS 50 pg/ml at 50°C in 50 mM PB pH 6.8. Vertical dashed lines corre-
spond to CPD and TPGS peak position in buffer. Legend shows the clopidogrel (C) and TPGS (T) concentrations in pg/ml.

seen at 37°C) while nanodroplet peaks are downfield
shifted and more intense (Fig. 6). The down-field shift
of the CPD nanodroplet peaks suggests that some
TPGS is partitioning into the nanodroplets, leading to
a more polar environment for the drug molecules in
this phase, and increased mobility, producing sharper
peaks, as a result of surfactant incorporation.
Integration of select TPGS peaks indicated that
the concentration of TPGS in the aqueous phase
decreased from 50 pg/ml to 33 pg/ml+5.4 pg/ml
in the presence of CPD nanodroplets (CPD concen-
tration of 70 pg/ml). The peaks from the TPGS that
distributed into CPD nanodroplets were not detected
by solution-state NMR due to the high viscosity envi-
ronment of CPD nanodroplets reducing the peak
signal of TPGS. The suggested composition of the

Fig. 7 Clopidogrel peaks
for CPD 70 pg/ml in 50 mM
phosphate buffer pH 6.8 (PB)

nanodroplets was 50:17 w/w CPD:TPGS for this sys-
tem. Incorporation of TPGS into CPD nanodroplets
was confirmed using HPLC analysis of supernatant
concentrations after pelleting of nanodroplets (sup-
plementary information, section S3).

Figure 7 and Table III summarize the changes in the
NMR spectra in the presence of each of the surfactants
and the underlying interpretation. Further details are
found in the supplementary information (Figs. S6-16).

Surface Normalized Dissolution

Surface normalized dissolution profiles for various
CPD-PVPVA ASDs with and without additional 5% sur-
factant are shown in Fig. 8. At DLs of 40 and 50 wt.%, all
of the ASDs release sufficient drug such that the LLPS

and in the presence of 50 pg/
ml of SDS, CTAB, TPGS, or
Tween®80 (TWN).

M - AM —PBpH6.8
W«M&mﬂvﬂﬂj\\w ——SDS 50 pg/ml
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Table Il Changes in the

) Surfactant 50 pg/
Spectra for CPD 70 pg/ml in the

CPD in solution

CPD nanodroplets

Presence of Surfactants ml
SDS No interactions
CTAB
TPGS
TWN Strong interaction

Incorporation into surfactant micelles
Incorporation into surfactant micelles

No interaction

No interaction

TPGS partition into CPD nanodroplets
Minor partition of TWN into nanodroplets

concentration is exceeded within the first 10 min. How-
ever, release is incomplete, with a maximum of 80%
drug being released for the best performing ASDs. Drug
and polymer were observed to release nearly congru-
ently for the 40% DL systems (Fig. 8a-¢). However, the
polymer release rate was slightly faster than that of the
drug, especially at later time points. Given that more
polymer is released than drug, the material remaining
in the die is enriched in drug relative to the original
formulation. This likely accounts for the incomplete
release; when the release becomes drug-controlled,
there is no driving force for drug dissolution if the con-
centration in solution is above the drug amorphous
solubility. For CTAB-containing ASDs, drug loss from
solution was seen after partial release, and this can be
attributed to the surfactant causing agglomeration of
the CPD nanodroplets; no evidence of crystallization
was observed by polarized microscopy. This observa-
tion is in agreement with the DLS studies described
above where CTAB was noted to result in rapid size
enlargement of the CPD-rich dispersed phase. At 50%
DL, PVPVA clearly released more rapidly than CPD in
all the cases except for when SDS was included in the
formulation, where close to congruent release of drug
and polymer was observed.

Figure 9 summarizes the percentage release after
60 min as well as the normalized initial release rate
(calculated from the initial data points where the
release versus time profile is linear) for ASDs with a DL
of 40-60%. The extent of drug release declines with
DL, with a more drastic drop from 50 to 60% DL rela-
tive to from 40 to 50% DL. In contrast, PVPVA releases
almost completely, regardless of drug load. Only SDS
produced a statistically significant increase in the total
percent release of CPD for the 50% DL relative to the
ASD with no surfactant.

The normalized release rates of CPD and PVPVA
were similar at 40% and 50% DL, although the polymer
release generally trended higher than the drug release.
In contrast, at 60% DL, PVPVA release was up to 10
times faster than that of CPD. Surprisingly, in binary
dispersions, CPD increased the normalized release rate
of PVPVA by a factor of approximately 2 relative to the
release rate of neat polymer (Fig. 9d-f). Given the nearly

congruent release of the drug and polymer at 40% DL,
this led to a very rapid release of the drug. While the
rapid polymer release was maintained in the presence
of SDS and CTAB, TPGS and TWN generally resulted in
a similar polymer release rate as for the neat polymer,
with the exception of the 60% DL TPGS ASD.
Addition of surfactant to the ASD generally led to
the formation of somewhat smaller nanodroplets with
a more uniform size distribution (smaller PDI) follow-
ing dissolution (Fig. 10), in particular for the 50% DL
ASDs. However, the presence of CTAB in the formula-
tion induces nanodroplet coarsening producing larger
species with a wider size distribution. These results are
consistent with the size stability study described above.

Amorphous-Amorphous Phase Separation
by Confocal Microscopy

Evaluation of amorphous amorphous phase separation
was carried out by confocal microscopy. Previous studies
have suggested that the morphology of phase separated
domains may impact drug release (68, 69). For these
studies, ASD films containing Nile red and Alexa 488
were used. Nile red is a hydrophobic dye and Alexa
488 is a hydrophilic die whose fluorescence intensities
are strongly influenced by the polarity of their environ-
ment. If phase separation occurs, Nile red is expected to
partition into the drug phase, leading to more intense
and non-uniform emission (70, 71) while Alexa 488 is
expected to partition into the polymer-rich phase due
to its more hydrophilic nature (72, 73).

At 50% DL, after 5 min of exposure at 100% RH,
phase separation was obvious where a bicontinuous
structure was formed. (Fig. 11e, f). In contrast, the 40%
DL film remains similar before and after exposure to
high RH (Fig. 11a and d). For the 60% DL film, phase
separation is also observed, whereby the drug appears
to form the continuous phase, while the polymer is
present as the discrete phase. These results are consist-
ent with the release profiles. CPD 50% DL and above
have non-congruent release with a higher percent
release and faster dissolution rate for PVPVA relative
to CPD (Fig. 11c and f), which in line with previous
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Fig. 8 Release profiles for CPD
40% DL (a) in the presence of
surfactants: TWN (b), TPGS
(c), SDS (d), and CTAB (e) and
CPD 50%DL (f) in the pres-
ence of surfactants: TWN (g),
TPGS (h), SDS (i), and CTAB
(j)- Values are mean + standard
deviation forn=3.
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Fig. 9 Total percent release
(a-c) and normalized release
rate (d-f) of CPD-PVPVA ASDs
with and without surfactant at
drug loadings 40% (a, d), 50%
(b, e), and 60% (c, f). Values
are mean * standard deviation
for n=3. * Statistically different
compared to the corresponding
binary ASD, with at least P<0.05
in ANOVA and Tukey’s HSD
test. * red for CPD and * blue
for PVPVA,

100%

80%

60%

% release

40%

20%

0%

100%

80%

60%

% release

40%

20%

0%

100% -

80% -

% release

20% -

0%

m CPD
m PVPVA

~ o]

N

Normalized release rate {mg/min-cm?)

60% -

40% -

N
1

Normalized release rate (mg/min-cm?2)

Normalized release rate {mg/min-cm?)

@ Springer



180 Pharm Res (2022) 39:167-188
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Fig. Il Confocal fluorescence microscopy images of 40% (a and d), 50% (b and e), and 60% (

c and f) drug loading CPD:PVPVA ASD films

before (a, b, ¢ respectively) and after (d, e, f) exposure at 100% relative hum\dlty for 5 min. Images acquired following excitation at 488 nm (Alexa

488) and 561 nm (Nile red). Scale bar is 50 pm.

observations where continuous drug-rich phases cor-
related with poor release (68).

Ternary ASD-films at 50% DL and 60% DL films
developed some variations in fluorescence intensity
after exposure to high RH indicating phase separa-
tion. For the 50% DL ASD with SDS (Fig. 12), the film
only shows a small extent of heterogeneity in fluo-
rescence intensity, which becomes more pronounced
for the 60% DL film. The CPD-rich phase forms the
continuous phase at 60% DL in the presence of SDS,
whereby the polymer-rich discrete phase is smaller
than for the corresponding ASD in the absence of
the surfactant. For TPGS-containing ASDs (Fig. 13), a

@ Springer

bicontinuous morphology is observed at 50% DL after
high RH exposure, whereas at the 60% DL, more com-
plex structures develop, suggesting more extensive
coarsening of the two phases. For ASDs with TWN, a
bicontinuous morphology was observed for DLs above
50% (Fig. 14).

DISCUSSION

It has been suggested that the formation of nanodrop-
lets during ASD dissolution may be beneficial for oral
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CPD 40%DL + SDS CPD 50%DL + SDS CPD 60%DL + SDS

A)488 nm A) 561 nm B) 561 nm C) 561 nm
D)561 nm E) 488 nm E) 561 nm F) 488 nm F)561 nm

Fig. 12 Confocal fluorescence microscopy images of 40% (a and d), 50% (b and e), and 60% (c and f) drug loading CPD:PVPVA ASD films con-
taining 5% of SDS, before (a, b, ¢ respectively) and after (d, e, f) exposure at 100% relative humidity for 5 min. Images acquired following excita-
tion at 488 nm (Alexa 488) and 561 nm (Nile red). Scale bar is 50 pym.

CPD 40%DL + TPGS CPD 50%DL + TPGS CPD 60%DL + TPGS

A)488 nm A)561 nm B)488 nm B) 561 nm C) 488 nm C)561 nm
D)488 nm D) 561 nm E)488 nm E)561 nm F) 488 nm F)561 nm

Fig. 13 Confocal fluorescence microscopy images of 40% (a and d), 50% (b and e), and 60% (c and f) drug loading CPD:PVPVA ASD films con-
taining 5% of TPGS, before (a, b, ¢ respectively) and after (d, e, f) exposure at 100% relative humidity for 5 min. Images acquired following excita-

tion at 488 nm (Alexa 488) and 561 nm (Nile red). Scale bar is 50 pm.

bioavailability. (3, 11, 19-21) Therefore, it is of inter-
est to develop ASD formulations that generate size-sta-
ble nanodroplets. In addition, there is also of interest
to develop ASDs with high drug loadings, to minimize
the patient pill burden by reducing the excipient load.
However, high drug loading ASDs show a reduced
tendency to form nanodroplets upon dissolution and
typically have poor release (16). It has been suggested
that the poor release occurs when the dissolving sur-
face becomes enriched in drug. When this happens,
the drug, rather than the polymer controls the drug
release, and consequently, the release rate decreases
(16). Consequently, the incorporation of excipients
such as surfactants into ASD formulations is an active

area of exploration as an approach to manipulate nan-
odroplet size and stability, as well as to improve drug
release from ASDs at high drug loadings.

Liquid-Liquid Phase Separation and Impact
of Surfactants

It is well known that many drugs form amorphous nan-
odroplets when a certain concentration, corresponding
to miscibility limit of the amorphous form of the drug
with water, is exceeded. CPD shows clear evidence of
the formation of a new phase when a concentration
of ~23 pg/ml is exceeded. Furthermore, CPD is one
of the few drugs where the '"H NMR spectrum of both
drug species, namely molecularly dissolved drug and

@ Springer



182

Pharm Res (2022) 39:167-188

CPD 40%DL + TWN

CPD 50%DL + TWN

CPD 60%DL + TWN

A)488 nm A) 561 nm B)488 nm B)561 nm C)488 nm C)561 nm

D) 488 nm D)561 nm E)488 nm

Fig. 14 Confocal fluorescence microscopy images of 40% (a and d), 50% (b and e), and 60% (c and f) drug loading CPD:PVPVA ASD films con-
taining 5% of TWN, before (a, b, ¢ respectively) and after (d, e, f) exposure at 100% relative humidity for 5 min. Images acquired following excita-

tion at 488 nm (Alexa 488) and 561 nm (Nile red). Scale bar is 50 pm.

drug in the drug-rich nanodroplets, can be evalu-
ated, as demonstrated in Fig. 4. Ueda et al., reported
a direct evaluation of ibuprofen present in drug-rich
amorphous nanodroplets by NMR. The direct evalu-
ation was possible due to the low 7, (-45°C) of IBP
relative to the experimental temperature (37°C), and
the consequent high mobility of the molecules in the
drug-rich phase (25). The low 7, of clopidogrel enables
nanodroplet peaks to be detected when the tempera-
ture is elevated to 50°C and the molecular mobility is
sufficiently increased. The NMR spectra provide insight
into the environment of the CPD molecules in the two
different phases. Not unexpectedly, the aqueous phase
molecularly dissolved peaks are down-field shifted rela-
tive to those arising from drug in the drug-rich phase,
consistent with a lower degree of shielding caused by
interaction of molecularly dissolved CPD molecules
with water. Light scattering experiments show that the
dispersed phase rapidly coarsens in the absence of sur-
factants, consistent with the high interfacial energy of
the lipophilic CPD-rich phase. Addition of surfactants,
in general, was an effective approach to reduce the
coarsening rate of the drug-rich nanodroplets formed
by LLPS, leading to the observation of smaller species.
CTAB provided an exception to this trend, promot-
ing rapid size enlargement of the nanodroplets by an
unknown mechanism. Surfactants were found to be
effective at very low concentrations, which is a favora-
ble finding in terms of including them in formulations,
where constraints imposed by toxicity concerns and for-
mulation design limit the amount of surfactant that can
be used. The low effective concentrations are consist-
ent with nanodroplet stabilization by surfactant adsorp-
tion at the droplet surface with resultant steric and/
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or electrostatic stabilization. This scenario is exempli-
fied by SDS where minimal SDS depletion was observed
from aqueous phase, but an increased negative charge
was observed in the presence of this surfactant. The
non-ionic surfactants showed more complex interac-
tions with CPD based on NMR spectroscopy, including
partitioning into the nanodroplets in the case of TPGS.
However, this behavior does not appear to be related to
nanodroplet stabilization, and likely reflects the lower
polarity of the non-ionic surfactants which promotes
interaction with the drug-rich phase.

It is likely desirable to minimize the amount of sur-
factant used in the formulation, hence it is useful to
know the minimum surfactant concentration required
to prevent droplet size enlargement. The minimum
concentration of surfactant needed to cover the sur-
face of thenanodroplets can be estimated using values
for the hydrodynamic radius (Ryy) obtained from DLS
and NTA measurements, which in turn are used to esti-
mate the droplet surface areas. Values for the molecu-
lar surface area of the surfactants are available from
the literature. Calculations are presented in the sup-
plemental information and the results are summarized
in Table IV. For the non-ionic surfactants, reasonable
agreement is observed between the theoretical mon-
olayer surface coverage and the experimental effective
concentration. For the ionic surfactants, CTAB was inef-
fective at inhibiting coarsening, even when tested at
a concentration higher than the theoretical minimum
concentration. For SDS, the higher effective experi-
mental value most likely reflects the high HLB value
for this surfactant, and a lower tendency to associate at
the interface relative to the non-ionic surfactants, con-
sistent with the higher CMC value of SDS.
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Table IV Calculated
Monolayer Concentration of

Surfactant SA(AY)*

Calculated monolayer cover-  minimum effective

‘ age (pg/ml) surfactant concentration
Surfactant, and Experimentally (ug/m)
Observed Minimum Effective
Concentration to Prevent SDS 6.7—425 (74,75) 03—17.8 50
Droplet Coarsening. Surfactant CTAB 616 (76 24 Not stabl
Molecular Surface Areas (SAs) N 6OI Z(O ) l'O4 4 o siable
were Taken from the Literature (20) ‘

TWN 80 174 (54) 3.1 5

*Values obtained from literature

The stabilization of the CPD disperse phase by the
surfactants is promising in terms of exploiting the high
surface area of the nanodroplets to maintain equilib-
rium with molecularly dissolved drug as the latter is
absorbed across the membrane, which has been sug-
gested to be beneficial for maintaining membrane
transport at a maximized value (3). However, sur-
factants with properties similar to CTAB that induce
droplet coarsening would be a poor choice for ASD
formulations. Therefore, this type of surfactant screen-
ing may be useful when selecting surfactants for incor-
poration into ASD formulations; nanodroplets are
generated during the dissolution of some amorphous
solid dispersion formulations. Having evaluated CPD
nanodroplet stability in the absence of a formulation,
it is relevant to consider the generation and colloidal
stability of CPD nanodroplets generated from an ASD
with and without a surfactant, to determine if similar
patterns of behavior are observed as for the solution
screening studies.

Release as a Function of Drug Loading

PVPVA is widely used in the commercial manufacture
of ASD formulations, whereby its choice as an ASD
polymer stems from its good processability (amenable
to both spray drying and hot melt extrusion), as well
as the high aqueous solubility. Intrinsic dissolution
rate measurements have shown that neat PVPVA has a
faster release rate than many other commonly used ASD
polymers (77, 78). This rapid release rate translates to
improved ASD dissolution performance, where several
studies have demonstrated that, for low drug loading
ASDs, the normalized release rate of the drug is the
same as that of PVPVA, i.e. both components release
congruently, and a similar normalized rate to that of
the neat polymer. This has been termed the polymer-
controlled regime. Under non-sink dissolution condi-
tions, when release is rapid and congruent, drug-rich
nanodroplets are generated, whereby these species are
potentially beneficial to enhance oral bioavailability
(3, 11, 79, 80). Consequently, formulating an ASD with
polymer-controlled release is considered optimum.

However, it appears that for PVPVA-based disper-
sions, there is a maximum drug loading where release
is polymer-controlled. Above this DL, the release rate
of the two components diverges, and the drug release
becomes very low and incomplete. (12, 16, 81) This
drug loading limit where the drug release “falls-off-the-
cliff” has been termed the limit of congruency (LoC),
and, using surface normalized dissolution studies, has
been found to range from <5% to ~30% DL for the
various drugs studied to date. For example, the LoC for
ledipasvir was reported to be 5% (12), nivaldipine and
cilnidipine had values of around 10% and 15% respec-
tively (81) while ritonavir was 25% (16). For the CPD
binary ASDs, the LoC appears to be ~40%. Compared
to the other PVPVA ASDs discussed above, this is a high
LoCG, although close examination suggests that the
polymer is released slightly faster than the drug, which
may explain why only ~80% drug is released. Further,
the normalized release rate of PVPVA is enhanced by
the addition of CPD, in particular for the binary ASDs
(Fig. 9) relative to that of the neat polymer.

Thus, the CPD-PVPVA dispersions show a higher
LoC than other systems studied to date, where close-to-
congruent release is seen up to 40% DL (Figs. 8 and 9),
and drug-rich nanodroplets are present in solution. At a
60% DL, the drug release has clearly fallen off the cliff,
with minimal release, albeit rapid polymer dissolution.
The high LoC observed for CPD likely arises as result of
two properties of the drug. First, the very low 7, of the
compound, and second, the lack of specific interactions
with the polymer. It is well known that polymer dissolu-
tion rate is impacted by the T, of the matrix relative to
the dissolution temperature (82, 83). Several previous
studies highlight the apparent role of 7, in the release
performance of PVPVA ASDs. Que. et al. showed that
the very high 7, compound, ledipasvir, had an LoC of
less than 5% DL (12). Saboo et al. studied the release of
indomethacin from ASDs as a function of temperature
and found that the LoC was decreased upon lowering
the temperature to below the estimated 7}, of the water-
saturated ASD (13). Likewise, Yang et al. found the
LoC of loratadine-PVPVA ASDs decreased from 30%
to <10% upon decreasing the temperature from 37°C to
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5°C (84). CPD has a T, of -9°C and thus reduces the T,
of the resultant ASD (supplementary information, sec—
tion S4). The increased polymer release rate in the pres-
ence of the low T, drug is consistent with other studies
that demonstrate that additives that change the T, of
the system can increase dissolution rate. Thus 20 wt. %
of poly(ethylene oxide) (PEO) increased the dissolution
rate of polymethyl methacrylate (PMMA) by a factor of
two due to a plasticization effect where the 7, of the
system was lowered (85).

The second factor favorable to the high LoC is the
lack of specific interactions between the drug and poly-
mer; neither CPD nor PVPVA have any hydrogen bond
donors. It has also been found that drugs that form
strong hydrogen bonds with PVPVA tend to have lower
LoGCs. For example, Saboo et al. compared the LoC for
indomethacin (strong hydrogen bonding with poly-
mer) versus the methyl ester (no hydrogen bonding)
and found a much lower LoC for the former compound
(13). Similar results were observed in a recent study,
where all the compounds with good hydrogen bond-
ing potential with the polymer were found to have low
LoCs. However, given that these particular drugs also
had high 7, *sit is somewhat difficult to deconvolute
these two effects (84). The lack of interaction between
CPD and PVPVA is further exemplified by centrifuga-
tion studies (supplementary information, section S4),
where it was found that a minimal amount of PVPVA
was present in the CPD nanoparticles (<5%). This is in
contrast to a study with ibuprofen which is known to
form strong interactions with PVPVA, where extensive
PVPVA partitioning into the drug-rich nanodrops was
observed (60).

While a low 7, of the formulation is emerging as a
favorable factor for drug release, the higher mobility
of such systems enables potentially undesirable phase
transformations including crystallization and amor-
phous-amorphous phase separation (AAPS). While CPD
free base does not undergo crystallization, the images
shown in Fig. 11 suggest that there is a tendency for
CPD-PVPVA ASDs to undergo water-induced AAPS.
Solvent-induced phase separation occurs when one
component has a much higher affinity for the solvent
relative to the other component. Here, PVPVA has a
much higher affinity for water than CPD, which is a
lipophilic compound with a cLog P 3.8, and hence has
unfavorable interactions with water (86). Formation of
drug-rich domains reduces the extent of unfavorable
drug-water interactions. Both the 50 and 60% DL binary
ASDs show clear evidence of phase separation in ASD
films, forming bicontinuous drug-rich and polymer-rich
domains. In contrast, over a short time period, the 40%
DL ASD remained homogeneous. Phase separation of
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drug and polymer, in particular when sufficient drug-
rich phase is present to be able to form a continuous
or semi-continuous barrier layer at the surface of the
dissolving ASD, is linked to a deterioration of release
performance. Micro-CT imaging in combination with
surface analysis have shown that higher DL PVPVA
ASDs tend to show the formation of a porous, drug-
rich layer at the ASD-water interface (12, 77, 81). For
the CPD-PVPA ASDs, results also support a link between
extensive phase separation at 50% DL and above and
a deterioration in release performance for ASDs of the
corresponding composition. Thus, at high DLs, AAPS
is proposed to occur rapidly, with the formation of a
continuous drug-rich phase (Fig. 11f), with subsequent
rapid polymer dissolution, and surface enrichment of
drug, leading to very low drug release.

Impact of Surfactants on Release

Surfactants are commonly used in ASD formulation
for various purposes including as solubilizers, and to
improve the rheological properties during process-
ing (29-31). Likewise, addition of surfactant has been
found to facilitate release of the drug from the polymer-
drug dispersion by improving surface wetting, contrib-
uting to faster dissolution (31, 87). Product labels reveal
that several approved ASD products contain surfactants.
Incivek ®, Kalydeco ®, Astagraf XL ®, and Okambi ®
contain SDS, Zepatier ® and Mavyret contain TPGS,
while Venclexta ® has Tween®80 in its formulation.
It is not known, however, if the surfactant is part of
the ASD intermediate, or externally added to the final
formulation.

For various drugs, incorporation of surfactants into
the ASD has been found to increase the LoC. Que.
etal. increased the LoC of ledipasvir-PVPVA ASDs from
5% to 30% DL by adding SDS while in another study
(12), TPGS was found to improve the release of felodi-
pine from 10 to 35% DL, again in PVPVA ASDs (68).
Likewise, Harmon et al. found that incorporation of
TPGS in anacetrapib ASDs drastically improved drug
release when the drug loading was 20% (20). Out of
the surfactants evaluated herein, only SDS was found to
favorably improve the release profile of CPD, extending
the LoC from 40 to 50% DL. Incorporation of CTAB
had a negative impact on the release profile, with the
decline in the amount of drug released with time being
attributed to agglomeration of the CPD-rich phase, as
seen in the solution studies. Interestingly, the non-
ionic surfactants, which appear to have more exten-
sive interactions with CPD based on the NMR studies,
reduced the rate of drug and polymer release, rela-
tive to the corresponding binary ASD, an effect that is
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most noticeable for the TPGS-containing ASDs. This
is likely unfavorable for an ASD formulation unless a
slower release rate is desired. SDS appeared to be the
best surfactant choice for CPD. In terms of a plausible
mechanism for the improvements observed with SDS,
we note from the confocal microscope images shown
in Fig. 12, that the 50% DL ASD film remains homoge-
neous (within the detection limit of the measurement
which is ~500 nm) when SDS is present, in contrast to
the extensive phase separation observed in the absence
of surfactant. Thus, SDS may prevent, delay, or change
the domain size of phase separation at this drug load-
ing, leading to improved release. The surfactant is not
effective at preventing visible phase separation when
the DL is increased to 60%, consistent with the poor
release performance of this ASD. In contrast, TPGS and
TWN clearly do not prevent phase separation, consist-
ent with the lack of improvement in the release. TPGS
in particular, appears to enhance the rate of ripening
of the phase separated domains, which can possibly be
explained by partitioning of this surfactant into the
CPD-rich phase, as inferred from the NMR measure-
ments, with a resultant change in the kinetics and ther-
modynamics of the system.

CONCLUSIONS

ASDs of clopidogrel with PVPVA showed a high limit of
congruency (LoC) relative to those reported for other
PVPVA-based dispersions, where near-congruent and
rapid release of drug and polymer was observed for
drug loadings of 40%. Interestingly, the normalized
release rate of PVPVA in the ASD with clopidogrel was
increased relative to the release rate of neat polymer.
This is somewhat counterintuitive given the lipophi-
licity of clopidogrel and the high drug loading. The
high LoC was attributed to the low T, of the drug and a
lack of specific interactions with the polymer, and the
increased polymer release rate is thought to result from
a plasticization effect of the drug. Among the several
surfactants tested, only SDS improved the release per-
formance at high drug loading, increasing the LoC to
50% DL. Surfactants were found to interact differently
with CPD, whereby non-ionic surfactants tended to par-
tition into the drug-rich phase, while ionic surfactants
interacted at the nanodroplet-water interface. Some
of the surfactants showed benefits in terms of stabiliz-
ing the nanodroplet size, while somewhat surprisingly,
CTAB destabilized the nanodroplets, with rapid size
enlargement. Different kinetics and morphology of
water-induced phase separation were observed depend-
ing on surfactants type present in the ASD, although

the significance of such differences to ASD release per-
formance, if any, is currently unknown. These observa-
tions further our understanding of factors impacting
drug release from ASDs, but also highlight the com-
plexity of the release process. Finally, it is apparent that
there are still many gaps in our understanding of ASD
release performance that need to be addressed to effec-
tively implement this solubility enhancing strategy for a
broad swathe of APIs.
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