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Water-insoluble organic compounds are often used in aqueous
environments in various pharmaceutical and consumer products.
To overcome insolubility, the particles are dispersed in a medium
during product formation1, but large particles that are formed
may affect product performance and safety. Many techniques
have been used to produce nanodispersions—dispersions with
nanometre-scale dimensions—that have properties similar to
solutions2–4. However, making nanodispersions requires complex
processing, and it is difficult to achieve stability over long
periods1. Here we report a generic method for producing organic
nanoparticles with a combination of modified emulsion-
templating5 and freeze-drying. The dry powder composites
formed using this method are highly porous, stable and form
nanodispersions upon simple addition of water. Aqueous
nanodispersions of Triclosan (a commercial antimicrobial agent)
produced with this approach show greater activity than
organic/aqueous solutions of Triclosan.

As the range of nanoparticle-based technologies increases,
issues of sustainability and environmental impact become
more important. Standard guidelines for evaluating long-term
chemical risks/benefits, such as environmental persistence,
bioaccumulation and nanoparticle toxicity have been suggested
recently6. In general, insoluble inorganic nanoparticles are
expected to be more environmentally persistent than organic
nanomaterials, because even poorly soluble organic compounds
are ultimately completely soluble in water.

Drug solubility controls circulating plasma levels,
pharmacokinetics and bioavailability of orally-dosed particulate
pharmaceuticals that are poorly water soluble2. Although medical
applications have received considerable attention, significant
opportunities still remain for nanodispersions of other
commercial low-solubility organic molecules, especially as their
environmental fate is well understood.

Aqueous nanodispersions offer the benefits of dispersing
poorly water-soluble molecules without directly using organic
solvents. Although many organic nanoparticle production
methods exist3,4, few are truly generic approaches. For example,
wet-milling is time- and energy-intensive, transforming bulk
organic materials into nanoparticles3, and is incompatible with
explosive, low-melting, or temperature-sensitive compounds.
Moreover, ‘milling agent’ degradation introduces impurities, and

producing uniform organic nanoparticles with diameters
,300 nm is difficult owing to particle aggregation7.

Horn and Rieger4 comprehensively reviewed the main classes of
solvent-based nanoparticle formation routes, described mainly as
‘precipitation and condensation processes’. Our new route to
aqueous nanodispersions differs from these classifications and
other techniques including salting-out8, film rehydration9,10 and
vesicle formation11. We use steps used previously to produce
so-called ‘emulsion-templated’12 or ‘polyHIPE’ polymers5 without
using chemical crosslinking to maintain the porous structure.
Initially, we generate an oil-in-water (O/W) emulsion using a
volatile organic solvent oil phase containing a dissolved organic
compound, and a continuous aqueous phase containing a
stabilizer or mixture of stabilizers (for example, water-soluble
polymers or surfactants). The emulsion is dripped or atomized
onto the surface of a cryogenic liquid, or directly frozen, resulting
in the formation of frozen beads (2–3 mm diameter), micrometre-
sized powders or large monolithic structures. Finally, both the
water and the organic solvent are removed by freeze-drying,
generating dry composite materials comprising the water-insoluble
organic compound and water-soluble polymers/surfactants.
The highly porous composites dissolve readily in water, releasing
the organic compound as nanoparticulate dispersions, which
resemble transparent molecular solutions (Fig. 1a–c).

The process was exemplified using a model water-insoluble
compound, Oil Red (OR) dissolved in cyclohexane13 (CH,
0.018 wt%), and poly(vinyl alcohol) (PVA) and sodium dodecyl
sulphate (SDS) dissolved in water (O/W ratio¼ 75:25;
5 wt% PVA, 5 wt% SDS). The porous emulsion-templated
structures (Fig. 1d–e) and spheroidal OR nanoparticles (Fig. 1f)
were revealed by scanning electron microscopy (SEM) and
scanning transmission electron microscopy (STEM) (Fig. 1g). The
materials dissolve rapidly in water, producing clear red OR
nanodispersions, visually identical to solutions (see Supplementary
Information, Movie S1). Analysis of the nanodispersions by
dynamic light scattering (DLS) showed an average particle
diameter of �90 nm (Fig. 1h) and smaller aggregates (see
Supplementary Information, Fig. S1) ascribed to micelles or
PVA/SDS complexes14.

As OR has a low CH solubility (,0.35 wt%), acetone
co-solvent was added at low levels (0.5 wt%) allowing dye
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loadings up to 0.5 wt%. SEM imaging (see Supplementary
Information, Fig. S2) showed significantly more OR particles in
the resulting composite. Acetone destabilized the emulsions
somewhat, but rapid freezing still allowed porous emulsion-
templated structures. After the addition of water, STEM
observations and DLS measurements (see Supplementary
Information, Figs S3 and S4) showed significantly larger average
particle diameters (�300 nm).

OR can be solubilized in water by conventional PVA/SDS
micellization. We therefore evaluated the potential of our system to
disperse excess organic material to a greater extent than simple
solubilization over various PVA/SDS ratios. All combinations were
above their respective critical micelle concentrations (see
Supplementary Information). The formation of OR-saturated
micelles (SM) in water (300 h at 20 8C) was studied for each
PVA/SDS ratio (Fig. 2a). These values form a baseline

solubilization plot (Fig. 2b), representing the maximum OR
concentration achievable at each ratio. For comparison, a series of
emulsion-templated samples was produced with comparable
SDS/PVA ratios and dispersed into water to produce OR
nanodispersions (Fig. 2c). Nanodispersions with high stability
(,14 days) (see Supplementary Information, Fig. S5) required
both SDS and PVA (Fig. 2c). A sixfold increase in OR
concentration (6.5 � 1023 M OR, PVA/SDS ¼ 7 � 1023 M/0.3 M)
was achieved over the saturated micelle concentration (SMC).
Moreover, this was achieved only seconds after the addition of
water, compared to extended SM equilibration times (.300 h).
As the nanodispersions are formed almost instantly, they may be
deployed at the point of use without requiring high-temperature,
high-shear mixing or relying on molecular solubility. Higher
loadings (more than 50� greater than the SMC) were achieved
by further increasing the OR concentration in the oil phase;
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Figure 1 Characterization of solid nanocomposites and nanodispersions. a–c, Visual comparison of an aqueous nanodispersion of Oil-Red (OR) (a), OR powder

added to water (b), and OR dissolved in acetone (c). d, Highly porous nanocomposite beads (poly(vinyl alcohol)/sodium dodecyl sulphate) containing OR (0.018 wt%).

e, SEM image of the internal porous bead structure. f, Higher magnification showing nanoparticles associated with the edge of a pore. g, STEM image of OR

nanoparticles after drying the nanodispersion onto a porous carbon grid. h, Dynamic light scattering analysis of the OR nanodispersion showing an average particle

size of 90 nm.
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however, larger OR particles (.300 nm) with reduced stability
(2 days) were formed. Zeta-potential measurement (see
Supplementary Information, Fig. S11) showed negatively charged
nanoparticles, indicating SDS surface adsorption (low OR
loading¼ –23.3+1.2 mV; high OR loading ¼ –21.8+0.188 mV).

The Horn and Rieger4 categories have several common features.
Apart from precipitation, the methods use mobile/liquid emulsions
containing water-insoluble compounds dissolved within the oil
phase. As the oil is slowly, controllably and selectively removed,

the oil droplets shrink, and the solute concentrates and ultimately
solidifies. Our technique solidifies the entire emulsion by freezing
to form static oil droplets. Whole-droplet motion is prevented
during the simultaneous sublimation of both frozen water and
solvent. In contrast to other techniques, the oil droplets are
depleted of oil in the presence of a static surface structure
or support.

The mechanism of nanoparticle formation is complex; however,
the processes operating during conventional freeze-drying of
aqueous solutions are well understood1,15–17. Initial freezing
generates ice crystals of pure water18, leading to dramatic
concentration and viscosity increases within the remaining liquid1.
The resulting desiccation is highly efficient (.99% water removal
from the solute) and causes phase separation15. Crystallization of
the concentrated liquid regions is viscosity-inhibited17, and final
solidification produces crystalline, amorphous or mixed solids.
Supercooling is at its highest when liquid nitrogen is used to freeze
small volumes1,15, leading to significant liquid stresses16. Our
technique involves the freezing/freeze-drying of emulsions
(volumes ranging from �6 � 1028 cm3 for atomization to �2 cm3

for direct freezing) and similar concentration of the solute in the
organic phase occurs18. The individual, isolated oil droplets have
very small volumes (�5 � 10210 cm3 for beads) and undergo
significant local supercooling and concentration during freezing
(Fig. 3b). Areas of saturated solute will develop that are subject to
precipitation/crystallization during water/oil removal (Fig. 3c).
Particles thus formed will be dispersed upon addition of water
and dissolution of the solid porous polymer/surfactant support.
PVA is a known dispersion stabilizer, binding extremely
strongly to nanoparticle surfaces1 and contributing to dispersion
stability (Fig. 3d).

The formation of dry, redispersible solids containing
nanoparticles offers significant advantages over liquid-dispersion
storage and transport. OR/PVA beads formed identical clear, red
nanodispersions after two years without stringent storage
conditions. As a result of using rapid freezing, emulsion stability
is not critical and the choice of surfactants, hydrophilic polymers,
solvents and organic active ingredients is therefore very broad,
including biodegradable polymers and temperature-sensitive
drugs. Nanoparticle loadings were adjusted by changing the O/W
ratio with available oil-phase fractions from 0.01 to at least 0.9.
Porosity (Fig. 4a–c), dissolution kinetics and material properties
are also tuneable by means of this mechanism, in contrast to
the reported spray-freezing-into-liquid processes for organic
microparticle preparation19,20.

We have produced porous surfactant/silica powders (Fig. 4e–f )
with our process, avoiding spray pyrolysis or templating/etching
routes21–23. Also, to remove the reliance on volatile organic
solvents, we have recently adopted liquid CO2 (refs 24–28) as the
emulsion oil phase. After directly freeze-drying the CO2/water
emulsions, porous polymer monoliths that dissolve rapidly in
water and form clear OR nanodispersions (diameter �240 nm)
were formed (see Supplementary Information, Fig. S9).

The practical value of the approach was demonstrated by
forming aqueous nanodispersions of poorly soluble commercial
organic biocides, which are typically used in products ranging
from cosmetics to agrochemicals. For example, Triclosan
(5-chloro-2-(2,4-dichlorophenoxy)phenol) has low water-
solubility (10 mg ml21) and limited biocidal activity without the
use of high doses, co-solvents or oil phases29. Also, micellization
is known to decrease bactericidal activity29. The minimum
inhibitory concentration (MIC50) against the Gram-negative
bacterium Corynebacterium of an ethanol/water solution of
Triclosan/PVA/SDS was compared with the MIC50 of aqueous
nanodispersions prepared by our route.
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Figure 2 Comparison of conventional surfactant solubilization and

nanodispersions of Oil-Red (OR). a, Saturation kinetics of OR in an aqueous

micellar solution of SDS (SDS ¼ 0.01 mol l21; PVA ¼ 0). The horizontal line

indicates equilibration. b, Baseline solubilization of OR using various SDS and

PVA ratios. The plot represents maximum OR solubilization within given polymer

and surfactant concentrations. c, Aqueous concentration of OR achieved using

emulsion-templated nanodispersion technology (identical ratios of PVA and SDS

to b). The difference between b and c—the ‘excess’ concentration over the

saturated micelles—indicates the presence of OR nanoparticles within the

‘solution-like’ dispersion.
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The ethanol/water system showed substantial inhibition of
regrowth of the bacterium at Triclosan concentrations .100 p.p.m.
(Fig. 5a). Inhibition was lost rapidly at concentrations ,100 p.p.m.,
with an observed MIC50 of approximately 50 p.p.m. In contrast,

aqueous nanodispersions were significantly more active (2.5%
regrowth at 50 p.p.m.), with bacterial regrowth inhibited to ,50%
at 6.25 p.p.m. (Fig. 5b). In both cases, 100% regrowth of
Corynebacterium was observed between 1.56 and 0.78 p.p.m.,

25 μm 25 μm 25 μm

100 μm 25 μm 15 μm

Figure 4 Scanning electron microscopy images of freeze-dried atomized powders. a–c, Freeze-dried PVA/SDS powders with 0% emulsion-templating (a),

20% emulsion-templating (b), and 50% emulsion-templating (c). d, Low-magnification image of powder with 50% emulsion-templating. e, Emulsion-templated

powder containing SDS only (66.7% emulsion-templating). f, Emulsion-templated silica powder after calcination; original emulsion contained PVA and silica HS-30

(75% emulsion-templating).

Surfactant

Dissolved polymer

Static/solid
oil droplet

Organic
nanoparticle

Internal-phase
oil droplet

Figure 3 Schematic/mechanistic representation of nanoparticle formation during freeze-drying. a, Oil-in-water emulsion; organic compound dissolved in

internal-phase oil droplets. Enlarged area: homogeneous, surfactant-stabilized oil droplet and dissolved polymer. b, Frozen oil-in-water emulsion; static/solid oil

droplets within a solidified continuous phase. Enlarged area: organic compound inhomogeneously distributed within the frozen oil droplet and associated surfactant.

c, Emulsion-templated porous solid after freeze-drying. Enlarged area: organic nanoparticles within open pores. d, Organic nanodispersion after addition of water.

Enlarged area: surfactant- and polymer-stabilized organic nanoparticle.
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suggesting similar biocidal mechanisms at low concentrations and
possibly indicating nanoparticle dissolution at these concentrations.
The observed MIC50 reduction (one-eighth of the solution MIC50)
without the use of co-solvents is of clear interest across many
applications and our ongoing experiments are focused on
establishing the mode of action.

To summarize, we have demonstrated the generic formation of
organic nanodispersions by freeze-drying emulsions containing
water-insoluble compounds dissolved in a volatile oil phase.
Water-soluble materials present in the aqueous phase form a
porous solid support that dissolves rapidly on addition of water
to disperse the nanoparticles. This technique has wide
applicability, because nanodispersions are a valuable alternative
to molecular solutions. Water-insoluble commercial biocides
showed increased activity, suggesting the potential for decreased
application doses and lower rates of acquired bacterial resistance.

METHODS

VARIATION OF POROSITY BY MEANS OF INTERNAL-PHASE VOLUME CONTROL

A range of ‘unloaded’ porous PVA/SDS materials were produced using
oil-phase fractions of 0, 0.2, 0.4, 0.6 and 0.75 (see Supplementary Information,

Fig. S6) to demonstrate the control of porosity using our technique. Materials
produced with no oil phase present showed porosity derived solely from
ice-templated macropores, formed by phase separation during the freezing
process18. As the O/W ratio increases, the number of emulsion-templated pores
increases accordingly. At an internal-phase fraction of �0.75, the porosity is
derived solely from the emulsion-templating process, as supported by pore
volume measurements (see Supplementary Information, Fig. S7). Materials with
larger pore volumes were found to dissolve more rapidly than those with lower
pore volumes and hence the dissolution kinetics can be fine-tuned
(see Supplementary Information, Figs S7 and S8).

CO2 METHODS

CO2-in-water emulsions, containing OR dissolved in the liquid CO2 phase and
PVA in the aqueous phase, were frozen by liquid nitrogen immersion followed by
freeze-drying (see Supplementary Information). The emulsions were stabilized
by an inexpensive triblock copolymer, poly(vinyl acetate)-b-polyethylene glycol-
b-poly(vinyl acetate), which was synthesized as reported earlier28.

MIC50 EVALUATION

Biocidal activity was measured against a Gram-negative bacterium,
Corynebacterium, in a standard growth medium, and regrowth was compared
against positive controls. Triclosan was either dissolved into an aqueous
brain/heart infusion (BHI) containing 30% ethanol or dispersed into BHI with
no additional solvent to form initial concentrations of 400 p.p.m. (PVA and SDS
were also present in the BHI/ethanol comparison to match the nanocomposite
composition: Triclosan/SDS/PVA ¼ 10/63/27 wt%). Subsequent dilution with
either BHI/ethanol or BHI alone generated a series of lower concentrations,
which were inoculated with Corynebacterium. After plating into wells, the
samples were incubated at 37 8C for 18 h. All measurements were repeated
ten times to ensure significance. MIC50 values were assessed as the
concentration required to maintain ,50% bacterial regrowth relative to the
control. All control experiments included SDS and PVA and additional
ethanol as required.
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Figure 5 Evaluation of the minimum inhibitory concentration (MIC) of

different forms of the antibacterial agent Triclosan. a,b, Regrowth profiles of

the Gram-positive bacterium Corynebacterium in the presence of an

aqueous/ethanol solution of Triclosan/SDS/PVA (a), and aqueous Triclosan

nanodispersion with SDS and PVA present (b). The horizontal lines depict the

MIC50 (lower) and complete regrowth (upper) relative to positive control.

Error bars are derived from ten repeat measurements. All measurements were

conducted in a brain/heart infusion.
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