ROYAL SOCIETY
OF CHEMISTRY

Nanoscale

View Article Online
View Journal | View Issue

Solvent selection causes remarkable shifts of the
“Ouzo region” for poly(lactide-co-glycolide)
nanoparticles prepared by nanoprecipitationt
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Polymer nanoparticles (NPs) offer versatile novel biological features of interest for drug delivery appli-
cations. "Ouzo diagrams” allowed for a systematic manufacture of specified colloidal formulations by the
widely used nanoprecipitation process. Surprisingly, despite the well-documented relevance of the
applied organic solvent for nanoprecipitation, its effect on the actual status of the "“Ouzo region” was so
far not studied. Herein, investigations were undertaken to account for the potential impact of the solvent
type on the "Ouzo diagrams” for poly(lactide-co-glycolide) (PLGA) and tetrahydrofuran (THF), 1,4-
dioxane, acetone and dimethyl sulfoxide (DMSO). The "Ouzo region” shifted considerably to higher
polymer fractions upon solvent change (rank order: THF < 1,4-dioxane < acetone < DMSO). Assuming a
one-to-one transformation of detached PLGA-bearing solvent droplets (droplet diameter for THF:
~800 nm, 1,4-dioxane: ~700 nm, acetone: ~500 nm and DMSO: ~300 nm) into non-divisible polymer
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aggregates upon solvent displacement, facilitated to predict the size of NPs found within the "Ouzo
region” (size range: 40—-200 nm). In conclusion, application of “Ouzo diagrams” is a valuable tool for drug
delivery research and will most-likely replace the “trial-and-error”-approach to identify the operating
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Introduction

Nanomaterials hold great promise to revolutionize diverse
therapeutic approaches currently utilized in medicine.'™ For
example, drug-loaded nanoparticles (NPs) composed of bio-
compatible and biodegradable polymers (e.g., poly(lactide-co-
glycolide) (PLGA)) represent tailored nanocarriers able to selec-
tively accumulate in certain tissues or cells following intravas-
cular administration,®” resulting in an increased therapeutic
benefit of the encapsulated medication (e.g., anti-cancer
drugs®” and antibiotics®?). In particular, size characteristics
greatly affect the pharmacological activity'® and thus, rep-
resent an important design attribute to consider in order to
achieve controlled drug release at the desired biological site of
action.""?

Nanoparticulate drug delivery vehicles have been prepared
from synthetic polymers through various methods including
solvent evaporation, salting-out, emulsification-diffusion, and
nanoprecipitation; the latter being probably the more easy and
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window for the production of stable colloidal formulations by the nanoprecipitation technique.

popular methodology for NP fabrication."*™*> Application of
the nanoprecipitation process involves the addition of a
polymer dissolved in a completely water-miscible organic
solvent to an aqueous non-solvent phase, which then instan-
taneously leads to the formation of submicron particles.'*"'®
This convenient one-step manufacturing technique allows the
use of less toxic organic solvents (compared to the solvent
evaporation process), enables the preparation of polymer NPs
without any prior energy input (i.e., emulsification step) and
necessitates less tedious purification steps.'*'”'8

However, a limitation of the nanoprecipitation process is
related to the poor control over size characteristics and thus,
time-consuming investigations are needed to identify the oper-
ating window for the production of specified NPs, owing to the
large number of parameters influencing the final product pro-
perties."””'® In this respect, the introduction of “Ouzo dia-
grams” - showing the respective amounts of polymer, solvent
and non-solvent necessary to obtain stable colloidal formu-
lations - enabled a more systematic manufacture of polymer
NPs with defined size characteristics.'®>* Notably, the impact
of solvent nature on the status of the “Ouzo region” was so far
rather underestimated.

In this respect, the current study addressed the physico-
chemical principles associated with polymer NP production by
nanoprecipitation, with special emphasis on the solvent type.
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Depicting a map of compositions, “Ouzo diagrams” for a bio-
degradable polyester (i.e., PLGA) and four water-miscible
organic solvents (ie., tetrahydrofuran (THF), 1,4-dioxane,
acetone and dimethyl sulfoxide (DMSO)) are presented in
order to account for potential shifts of the “Ouzo region” upon
solvent change. Size characteristics and morphology of the pre-
pared formulations were investigated by dynamic light scatter-
ing (DLS) and transmission electron microscopy (TEM).
Finally, the experimental results were utilized to predict the
size of the polymer NPs found within the individual “Ouzo
domains”.

Materials & methods

Materials

PLGA, Resomer® RG502H (#1037187; number average mole-
cular weight (M,): 10.2 kDa, dispersity (D): 1.8) was acquired
from Boehringer Ingelheim (Ingelheim, Germany). Pluronic®
F68 (poloxamer 188; M,: 8.4 kDa, P: 1.2) was purchased from
Sigma-Aldrich (Steinheim, Germany). Filtrated, double-dis-
tilled water was obtained from B. Braun (Melsungen,
Germany) and used throughout. All other chemicals and sol-
vents were of analytical grade.

Density measurements of polymer solutions

The density of organic PLGA solutions was determined
using an oscillating density meter (DMA 4100, Anton Paar,
Graz, Austria) at a temperature of 25.0 + 0.1 °C. Polymer solu-
tions were allowed to equilibrate for 12 h before the
measurements.

Preparation and characterization of polymer NPs

PLGA-NPs were prepared by nanoprecipitation at a temperature
of 25 + 1 °C.*" Briefly, PLGA was dissolved in a water-miscible
organic solvent (i.e., THF, 1,4-dioxane, acetone or DMSO) or
diverse solvent mixtures (i.e., THF/acetone or DMSO/acetone)
for 12 h. The resulting polymer solutions were subsequently
injected (injection needle: Fine-Ject® 0.6 x 30 mm; flow rate:
10 mL min™") into magnetically stirred (500 rpm) water con-
taining 0.1 wt% of poloxamer 188. After injection of the
organic phase, the resulting colloidal dispersion was stirred
for 10 min under a fume hood and the organic solvent was
then removed by rotary evaporation (Rotavapor®, Biichi,
Flawil, Switzerland) or dialysis (MWCO: 50 kDa; Spectra/Por®
6, Breda, Netherlands) depending on its boiling point. The
actual mass concentration of polymer NPs in the aqueous
suspension was determined as previously described.**
Nanosuspensions were characterized and used directly after
preparation.

The hydrodynamic diameter (d,) and size distribution
(PSD) of PLGA-NPs was measured by DLS (non-invasive back
scatter technology (4 = 633 nm), scattering angle of 173°) on a
Zetasizer NanoZS/ZEN3600 (Malvern Instruments, Herrenberg,
Germany). All measurements were performed at a temperature
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of 25.0 + 0.1 °C using appropriately diluted samples with at
least 10 runs. The optical NP and medium properties (i.e.,
refractive index and absorption) as well as the dynamic vis-
cosity of the medium were adjusted prior to each
measurement.

The morphology of PLGA-NPs was investigated by TEM
(JEM-3010 TEM, JEOL, Eching, Germany). Practically, a carbon-
coated copper grid (S160-3, Plano, Wetzlar, Germany) was
coated with a droplet of dilute nanosuspension and then dried
in vacuum.

Proton nuclear magnetic spectroscopic
(*H-NMR) experiments (Avance 300, Bruker, Wissembourg,
France) were carried out to account for residual solvent in the
final nanosuspension. PLGA-NPs were prepared as described
above using acetone as solvent and D,O (Sigma-Aldrich, Stein-
heim, Germany) containing 0.1 wt% of poloxamer 188 as non-
solvent phase. As it can be seen from the ESI (Fig. S1}) the
evaporation process was sufficient for complete removal of the
organic solvent (no acetone signal at 2.2 ppm?>®).

Solvent-induced swelling of PLGA-NPs (particle size:
~100 nm, final concentration: 1 mg mL™") was analyzed after
incubation of nanosuspension with increasing amounts
(0.1-20 wt%) of THF, 1,4-dioxane, acetone and DMSO for 12 h
at a temperature of 25 + 1 °C. Results are expressed as relative
particle size changes compared to values obtained for the origi-
nal nanosuspension. Relevant swelling of PLGA-NPs was only
observed with THF and 1,4-dioxane at concentrations >10 wt%
(ESI, Fig. S27), in general agreement with results from a pre-
vious study.?® Thus, an artificial change of NP size due to
residual solvent in the nanosuspension could be excluded
(ESI, Fig. S1 and S27).

resonance

Construction of “Ouzo diagrams”

As a map of compositions a right triangle, three-component
phase diagram (“Ouzo diagram”), was chosen and constructed
as previously described.>'*® Therefore, organic polymer solu-
tions were added to the aqueous non-solvent phase to reach
the desired final mass fractions in the ternary system. The
mass fraction of PLGA (fprga) Was plotted on the abscissa and
the mass fraction of solvent (f;) could be found on the ordi-
nate (ESI, Fig. S31). The fraction of the aqueous non-solvent
(fw) was found by the difference (f,, = 1 — ferca — f5)- The left
boundary of the “Ouzo domain” (miscibility-limit curve)
became apparent by a sudden increase in intensity of scattered
light/turbidity. The right boundary (stability-limit curve) was
determined by comparing the absorption (1 = 600 nm; Ultro-
spec® 3000, Pharmacia Biotech, Freiburg, Germany) of raw
and filtered (1.0 um; Acrodisc®, PALL, Dreieich, Germany)
nanosuspensions.*’

Statistics

All measurements were carried out in triplicate and values are
presented as the mean + standard deviation (SD) unless other-
wise noted. Statistical calculations were performed using the
software StatGraphics (Statpoint Technologies, Warrenton,
USA).

This journal is © The Royal Society of Chemistry 2015
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Results & discussion

The nanoprecipitation technique represents a versatile process
for the fabrication of colloidal formulations intended for drug
delivery purposes.’®™> NPs can be prepared from numerous
synthetic polymers (including biodegradable poly(alkyl cyano-
acrylate)®”*® and polyesters'®>'?°") through this approach.
Moreover, diverse matter (including low molecular weight
drugs,”"*%*? fluorescent dyes,”” high molecular weight drugs
like nucleic acids,*?*” quantum dots®” and carbon nano-
tubes®®) can be encapsulated in the polymer matrix. However,
defined size characteristics of these formulations represent a
prerequisite to achieve preferential accumulation within the
desired target organ.'>'* For example, to reach tumoral tissues
or the bone marrow a particle size of <200 nm and preferen-
tially <100 nm is needed in order to overcome the permeable
walls of the vasculature.***°

The molecular mechanisms of instantaneous NP formation
by nanoprecipitation involve complex interfacial hydrodynamic
phenomena.'*" Here, variations of the physicochemical pro-
perties along the interface condition mechanical mixing
between the two non-equilibrated liquid phases (interfacial tur-
bulence), in order to compensate discrepancies in free
energy.">'®'® Thus, the spontaneous mixing process results in
polymer partition into the aqueous non-solvent phase, which
then aggregates into colloidal polymer particles upon solvent
displacement (diffusion-stranding mechanism).'® Apart from
the polymer molecular weight***"** and the ratio of solvent to
non-solvent phase,*>?'?*3%3 preparation variables, such as
the choice of the organic solvent,'”*®2%21:33:36 and the initial
polymer concentration in the organic phase'”?%?"2%31736,41-43
were reported to influence the properties of the final NP
product. Likewise, the size of polymer NPs (size range:
66-223 nm) prepared in the current study was on one hand a
function of the utilized organic solvent (Fig. 1; ESI, Fig. S5At)
and on the other hand a function of the organic polymer con-
centration (Fig. 1). Although the organic solvent and the initial
polymer concentration had a pronounced effect on the size of
PLGA-NPs, no relevant change of the particle size distribution
was observed (PSD: ~0.05-0.15, which indicates narrowly dis-
tributed NP formulations) (ESI, Fig. S4 and S6t).

The extent of solvent diffusion (polymer partition) can be
qualitatively described by comparing the individual solvent-
water interaction parameters (ys_)" >>>°

Xs-w = VS/RT((SS - 5w)2 (1)

with Vy as the molar volume of the organic solvent, R the uni-
versal gas constant, T the absolute temperature, and 65 and 4,
the total solubility parameters of the solvent and water,
respectively. Considering initial organic polymer concen-
trations between 10 and 25 mg mL ™" (Fig. 1), the observed size
change of polymer NPs correlated well with the calculated yg_,
(Fig. 2).

Organic solvents displaying a higher water affinity, which is
indicated by a lower y ,, value (i.e., DMSO < acetone < 1,4-
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Fig. 1 Size characteristics of PLGA-NPs (d}) as a function of the initial
polymer mass concentration in the organic phase. 1 mL of organic phase
(triangles: THF, circles: 1,4-dioxane, squares: acetone, diamonds: DMSO)
containing increasing amounts of PLGA was injected into 5 mL of
water containing 0.1 wt% of poloxamer 188. Values are presented as the
mean + SD (n = 4). No SD bars are shown if SD fell into the symbol.
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Fig. 2 Influence of the ys_,, on the size characteristics of PLGA-NPs
(dy) for initial organic polymer mass concentrations of 10 and 25 mg
mL~* (triangles: THF, circles: 1,4-dioxane, squares: acetone, diamonds:
DMSOQ). Size results were reproduced from Fig. 1 and are presented as
mean + SD (n = 4). No SD bars are shown if SD fell into the symbol.

dioxane < THF), promoted more efficient solvent diffusion
(polymer partition) into the aqueous phase, which in turn con-
ditioned the formation of smaller colloidal formu-
lations."”**3® Application of solvent blends (i.e., THF/acetone
and DMSO/acetone) for NP preparation generally supported
this finding (ESI, Fig. S5B).

Furthermore, the size of PLGA-NPs increased for all investi-
gated solvents in an almost linear fashion upon elevation of
the polymer concentration in the organic phase (Fig. 1). Accu-
rately, an enhancement from 10 to 25 mg mL™" caused a size
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change from 66 to 89 nm and 162 to 223 nm for DMSO and
THF, respectively. In order to further understand the specific
nature of the diffusion-stranding mechanism responsible for
polymer NP formation, the number of PLGA-NPs in aqueous
suspension was estimated (Fig. 3A). The number concentration
for the four tested organic solvents remained constant despite
the increased total polymer amount introduced into the
system. However, when comparing the employed solvents, con-
siderable different final PLGA-NP number concentrations (e.g.,
THF: ~7 x 10" mL™" and DMSO: ~1 x 10 mL™") were
obtained.

These findings documented that the addition of the
organic polymer solution to the aqueous non-solvent phase
resulted in a detachment of uniform polymer-bearing solvent
droplets, which then most-likely underwent a one-to-one trans-
formation into polymer NP upon solvent displacement.
Thereby, the final size of PLGA-NPs can be directly related to
the polymer concentration in the organic phase (residual core
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Fig. 3 Estimated number concentrations of PLGA-NPs in aqueous sus-
pension (A) and size of detached polymer-containing solvent droplets
(dg) (B) as a function of the initial PLGA mass concentration in the
organic phase (triangles: THF, circles: 1,4-dioxane, squares: acetone,
diamonds: DMSO). Calculations were performed with the results found
in Fig. 1 and eqgn (2).
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method)* and the relationship between dj, and the droplet
size (dq) can be approximated by

dp = dqg (ﬂcl/ﬂpCPLGA)l/3 (2)

with pq and py, as the density of the detaching droplets and
the polymer NPs in aqueous suspension®* and cp s as the
organic PLGA concentration. Under the current experimental
conditions, the calculated droplet size amounted to ~800,
~700, ~500 and ~300 nm for THF, 1,4-dioxane, acetone and
DMSO, respectively (Fig. 3B).

In order to further improve the applicability of the nanopre-
cipitation process for drug delivery, recent studies suggested to
replace the above described time-consuming, “trial-and-error”-
approach by phase diagrams depicting polymer/solvent/non-
solvent fractions necessary to obtain defined colloidal formu-
lations."®?> At specified concentrations, the three components
fall into the metastable “Ouzo region”, where local super-
saturation allows for spontaneous polymer precipitation in the
form of stable nanosuspensions.>**">* The “Ouzo region” is
found between the miscibility-limit and stability-limit
curve,'®?*>?¢ which is in a very narrow range, with respect to
the final fraction of polymer.>*>"?*° Therefore, only the mag-
nified left part of the triangular phase diagram is presented as
a right triangle “Ouzo diagram” using a logarithmic scale for
the fprga (Fig. 4; ESI, Fig. S71).

The mixtures represented by the open triangles (left hand)
appeared as transparent phases. The onset of the “Ouzo
region” (closed symbols) was observed by an abrupt increase
in sample turbidity (transition of solutions to nanosuspen-
sions), which always occurred immediately after the combi-
nation of the three components. PLGA-NP formulations found
within the “Ouzo region” were of homogeneous nature, as con-
firmed by TEM and DLS analysis (PSD: <0.2) (ESI, Fig. S87).
Further enhancement of fprga led to transgression of the
“Ouzo region” (open triangles (right hand)), where large
polymer particles, aggregates and pellets were formed in
addition to NPs (unstable “Ouzo domain”). The “Ouzo region”
shifted considerably to higher fprga upon change of the
organic solvent (rank order: THF < 1,4-dioxane < acetone <
DMSO) (Fig. 4; ESI, Fig. S7t). The log-log plot shown in Fig. 5
clearly underlined this observation and illustrated that the
final size of PLGA-NPs was only dependent on the excess of
polymer to organic solvent introduced into the aqueous non-
solvent phase and was not a function of the f, as indicated by
the collapse of performed experiments on one straight line.

Moreover, the slopes of the resulting regression lines were
(close to) 1/3 (i.e., THF: 0.38, 1,4-dioxane: 0.40, acetone: 0.33
and DMSO: 0.33), which indicated that the volume per
polymer NP was proportional to the amount of PLGA in the
initial feed solution (homogeneous nanoprecipitation
process).>**!

Notably, the current study detected a consistent upper size
limit of ~150-200 nm for polymer NPs found within the indi-
vidual “Ouzo regions” (Fig. 5). Exceeding the stability-limit
curve led to formulations with broader size distribution (PSD:

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Experimental "Ouzo diagrams” for ternary systems composed of
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0.1 wt% poloxamer of 188) at 25 °C (open triangles (left hand): one
phase region, closed symbols: stable “Ouzo region”, open triangles
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Fig. 5 Log-log plot of the size of PLGA-NPs (dy,) as a function of the
excess of fp ga to fs (open symbols: f; = 0.1, gray symbols: f; = 0.2,
closed symbols: f; = 0.3) for different organic solvent (triangles: THF,
circles: 1,4-dioxane, squares: acetone, diamonds: DMSO). The straight
lines represent linear fits of the experimental data (R? > 0.98).
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>0.3) and significant sample flocculation occurred during
solvent removal.*>*"?*?? Zhang et al.** reported the total inter-
action energies (i.e., combination of repulsive electrostatic and
attractive van der Waals forces) between narrowly and broadly
distributed polymer NPs prepared by nanoprecipitation.
Accordingly, aggregation of inhomogeneous samples (PSD:
>0.3-0.4) is more likely to proceed, due to the low repulsive
forces between the approaching, unequal NP. On the contrary,
more homogeneous nanosuspensions (PSD: <0.2) reveal
higher energy barriers, which prevent aggregation amongst
themselves. Hence, the experimentally observed differences in
the onset of sample aggregation (Fig. 4 and 5; ESI, Fig. S7t) are
attributed to the varying polymer partition capability of the
employed organic solvent (Fig. 2). Moreover, it was speculated
that further interactions within the polymer/solvent/non-
solvent system®****> or the addition of drugs*' could influ-
ence the actual status of the “Ouzo region”.

Finally, knowledge of d4q (Fig. 3) enabled the prediction of
the size characteristics of polymer NPs (eqn (2)) found within
the operating “Ouzo window”. Doing so, the predicted sizes
were in excellent agreement with the observed values (Fig. 6;
ESI, Fig. SoF).

The slopes of the linear regression lines (R* > 0.98) ranged
between 0.9 (i.e., acetone) and 1.3 (i.e., 1,4-dioxane) for the
four applied organic solvents (ESI, Table S1}). Furthermore,
the calculated confidence and prediction intervals were found
to be very narrow for the current experimental results, what
affirmed the quality of the conducted size correlations (ESI,
Fig. S97).

Overall, identification of the underlining mechanisms of
the versatile nanoprecipitation process is essential to fabricate
nanomedicines with the sizes required for the desired thera-

peutic application (e.g., personalized medicine)'® and to
prompt their future launching in clinical trials.?
250
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Fig. 6 Correlation of observed and predicted sizes of PLGA-NPs (d)
found within the “"Ouzo region” (triangles: THF, circles: 1,4-dioxane,
squares: acetone, diamonds: DMSO). Calculations were performed with
the results found in Fig. 3B and eqn (2). The straight line represents a
bisectrix of the diagram (slope: 1).
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Conclusion

Defining “Ouzo diagrams” for viable polymer/solvent/non-
solvent systems represents a meaningful resource for the nano-
precipitation-based synthesis of polymer NPs with specified
properties, which is of special interest for drug delivery. Inter-
estingly enough, the “Ouzo region” shifted considerably upon
change of the employed organic solvent. This behavior necessi-
tates a substantial adjustment of the PLGA amount to syn-
thesize colloidal formulations with comparable size
characteristics. However, preparation of more concentrated
nanosuspensions would be useful for numerous therapeutic
applications. By elucidating the mechanisms governing the
nanoprecipitation process, it became feasible to predict the
size characteristics of polymer NPs under the current experi-
mental conditions. These results will assist to further improve
the applicability of the nanoprecipitation process for a more
systematic  construction of promising polymer-based
nanomedicines.

Abbreviations

Hs-w Solvent-water interaction parameter

b Dispersity

dq Polymer-bearing solvent droplet diameter
dn Hydrodynamic diameter of polymer nanoparticles
DLS Dynamic light scattering

DMSO  Dimethyl sulfoxide

feraa Fraction of poly(lactide-co-glycolide)

fs Fraction of solvent

fw Fraction of water

M, Number average molecular weight

MWCO  Molecular weight cut-off

"H-NMR Proton nuclear magnetic resonance spectroscopy
NPs Nanoparticles

PLGA Poly(lactide-co-glycolide)

PSD Size distribution of polymer nanoparticles
R? Regression coefficient

SD Standard deviation

TEM Transmission electron microscopy

THF Tetrahydrofuran

wt% Weight percent
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