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Nanoprecipitation is applied for the first time as a general concept

for manufacturing nanoparticles of versatile hydrophobic polymer

classes. As a result, polymer molecules self-assemble into nano-

spheres or irregularly shaped nanoparticles during the transition

from the dissolved state to the solid state while using different

solvents and methods for the conversion.

Nanotechnology has achieved breakthroughs in therapeutics,

bioengineering, diagnostics, imaging, and optics.1 In particular, the

development of functional nanosystems is in the focus of the research

for combining the unique properties of the nanoscale materials, i.e.

due to their high surface to volume ratio, with specific features. For

this purpose, tailor-made macromolecules represent interesting

materials as they possess an enormous range of potential function-

alities, and, thus, can be designed to create nanodevices having

advanced structures and properties.2

The transformation of the material into a nanoparticular system is

just as demanding as the synthesis of well-defined functional poly-

mers. For instance, polymers can be directly prepared in nanoscale

templates as commonly applied in radical emulsion polymerizations,

e.g. of alkylcyano-acrylates.3 However, the purification of the nano-

spheres from monomers, oligomers, residual reagents like initiators,

and surfactants is a challenging task, as well as achieving the control

over the molar mass of the polymers. Moreover, natural polymers or

semi-synthetic systems are not accessible for nanoparticle formation

via this route. An alternative approach for nanoparticle formation is

the self-assembly of polymeric materials into nanoscale objects.

Therefore, amphiphilic block copolymers are dissolved in a block-

selective solvent and subsequently stabilized by covalent interactions,

i.e., core- and/or shell-crosslinking.4 The versatility of the copolymers

allows the control of the size, shape, targeting function and encap-

sulation ability of the polymeric micelles, and can only be achieved

with a high level of synthetic expertise.

The emulsion solvent evaporation technique is not only limited to

amphiphilic polymers but also applicable for completely hydrophobic

polymers.5 For this purpose, the polymers are dissolved in an organic

solvent and emulsified with an aqueous phase with following evap-

oration of the organic solvent. The particle size and the size distri-

bution strongly depend on the quality of the emulsion. The emulsions

need to be homogenized at an ultra-fine level, which is only feasible

with the use of surfactants and/or high energy requirements such as

sonicators or homogenizers.

The nanoprecipitation technique is a more facile, less complex, less

energy consuming as well as widely applicable technique without any

additives for the manufacturing of defined nanospheres. This tech-

nique is based on the interfacial deposition due to the displacement of

a solvent with the non-solvent.6 Essential prerequisites are the

miscibility of the solvents and the existence of dilute polymer solu-

tions. Two different nanoparticle preparation techniques can be

applied for the manufacturing of polymeric nanoparticles via nano-

precipitation, namely dialysis and the dropping technique, as illus-

trated in Scheme 1.

Even though nanoprecipation represents an easy and reproducible

technique, its application has mainly been limited to the best of our

knowledge to the preparation of poly(lactic acid) (PLA) and poly(-

lactic-co-glycolic acid) nanoparticles since these polymers have been

widely used for drug encapsulation studies.7 As a matter of fact, very

few studies describe the formation of polymeric nanospheres via

nanoprecipitation from other polymers. For instance, cellulose

acetate, a widely applied polysaccharide ester, can be manufactured

into regularly- or bean-shaped particles by varying the preparation

conditions.8 In this context, viscosity measurements indicate that the

concentration for nanoprecipitation should be below the critical

overlap concentrations of the polymers in solution. Other poly-

saccharide derivatives were also precipitated to form nanoparticles

like pullulan acetate,9 alkyl- and phenyl-dextran ethers,10 and multiple

functionalized dextran derivatives (for a very recent example see ref.

12).11 One specific example for a synthetic polymer that can be

formed into nanoparticles from acetone solution is poly(3-capro-

lactone) (PCL).13 The ternary phase diagram of PCL in acetone and

water shows a narrow area of mixtures that is usable for the self-

assembly of polymers into nanospheres.

The knowledge of the self-assembly of other synthetic polymers

requires a clarification to allow a generic application of such a facile

Scheme 1 A schematic representation of the nanoprecipitation methods

applying dialysis in a membrane (A) and the dropping technique under

stirring (B), respectively.
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technique to a wide range of polymers. To the best of our knowledge,

this contribution represents the first extended study expanding the

concept of nanoprecipitation to water insoluble and non-amphiphilic

synthetic polymers except the few polymer samples mentioned

before. Technical samples are included as well as well-defined poly-

mers that were synthesized by controlled ‘‘living’’ radical polymeri-

zation (CRP) methods. In particular, technical grade samples of

poly(styrene) (PS), poly(methyl methacrylate) (PMMA), PCL,

poly(vinyl carbazole) (PVK), poly(styrene-co-acrylic acid) (PS-co-

AA), poly(vinyl acetate) (PVAc) and poly(carbonate) (PC) were

tested regarding their ability to form nanoparticles via nano-

precipitation. Furthermore, CRP techniques allow the design of well-

defined polymers with controlled molar mass (number average, Mn),

low polydispersity indices (PDIs) and functionalities.14 Atom transfer

radical polymerization (ATRP) and the reversible addition–frag-

mentation chain transfer (RAFT) polymerization were used for the

synthesis of the PMMA samples.15 In addition, nitroxide-mediated

radical polymerization (NMP) was utilized for the preparation of

specific PS samples with varying molar masses and low PDI values.16

In general, low concentrations are required to ensure that the

molecules are in a dispersed state and able to separate into nano-

domains following the addition of the non-solvent. Therefore,

a concentration of 4 mg/mL was chosen for the formation of small

particles. In the first set of experiments, N,N-dimethylacetamide

(DMA) was used as an organic solvent. The dialysis technique

represents an efficient tool for the controlled and ideally complete

exchange of solvents (in particular with high boiling points) against

water. The polymer solutions were transfered into a dialysis

membrane and the surrounding distilled water was exchanged several

times until the DMA was completely replaced. In this way, low molar

mass agents (i.e. monomers, additives, and initiators) that might still

be present in the bulk material after the polymerization are removed.

The resulting nanoparticle suspensions were filtered through paper

filter in order to remove small amounts (less than!10 wt%) of larger

aggregates. Single samples were dialyzed several times and show no

changes in the size of the resulting nanoparticles. The suspensions

were further analyzed for size and shape by dynamic light scattering

(DLS) and scanning electron microscopy (SEM). Fig. 1 displays

selected SEM images of nanoparticles that were only prepared by

dialysis from DMA solution because of their insolubility in acetone.

Table 1 shows the mean diameter and the polydispersity indices of

the size distribution (PDIPs) of the nanoparticles obtained by

dynamic light scattering (DLS). The particles that are formed have

particle sizes in the range of 196 to 718 nm, whereas comparatively

narrow size distributions were obtained for the samples PS-8, PVK

and PS-co-AA, indicated by a PDIP below 0.15. Only PMMA-1

formed large, undefined aggregates during dialysis from DMA. No

Table 1 Overview of selected molecular properties and synthetic methods of the polymer samples and z-average mean diameters of the resulting
nanoparticles prepared by nanoprecipitation applying two different methodsf

Sample Mn/kg mol"1a PDIa Synthesis/grade

Method A Dialysis
DMA–H2O

Method B Dropping
Ac–H2O

d/nmb PDIP
b d/nmb PDIP

b

PS-1 5.2 1.13 NMP 409 0.211 141 0.144
PS-2 7.2 1.10 NMP 422c 0.274 107 0.129
PS-3 8.2 1.12 NMP 555c 0.375 119 0.118
PS-4 13.6 1.13 NMP 409c 0.290 106 0.137
PS-5 14.1 1.14 NMP 349c 0.232 107 0.097
PS-6 16.2 1.16 NMP 653c 0.248 117c 0.132
PS-7 78.6 4.79 TG 718c 0.219 —d —d

PS-8 147.1 2.79 TG 522c 0.091 —d —d

PMMA-1 8.0 1.19 RAFT —e —e 116 0.120
PMMA-2 10.6 1.42 ATRP 543 0.165 —e —e

PMMA-3 42.6 1.73 TG 341c 0.221 207 0.158
PCL-1 42.5 1.53 TG —d —d 271 0.159
PCL-2 84.0 1.79 TG —d —d 313 0.136
PVK 140.1 5.37 TG 267 0.136 —d —d

PS-co-AA 170.6 2.38 TG 196 0.054 —d —d

PVAc 54.0 6.80 TG 258 0.207 —d —d

PC 17.9 2.52 TG 335 0.199 —d —d

a Determined by means of GPC. b Average values of three DLS measurements, see the ESI.‡ c Also some larger, undefined aggregates. d Insoluble in
organic solvents. e Only large, undefined aggregates. f PDI: polydispersity index (Mw/Mn). PDIP: polydispersity index of the particle size as determined
by DLS. NMP: nitroxide-mediated polymerization. RAFT: reversible addition–fragmentation chain transfer. ATRP: atom transfer radical
polymerization. TG: technical grade.

Fig. 1 SEM images of polymeric nanoparticles of poly(carbonate) (PC),

poly(styrene-co-acrylic acid) (PS-co-AA), poly(vinyl acetate) (PVAc) and

poly(vinyl carbazole) (PVK) prepared by dialysis of the polymers.
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correlation of the molar mass with the resulting particle size was

found for the PS samples (PS1-PS6) that were all prepared by NMP.

Even the technical grade samples with high molar mass, PS-7 and PS-

8, form particles in the same range as the low molar mass samples.

In principle, not only DMA but also other water-miscible solvents

can be used for dialysis. However, in case of volatile solvents, the

dropping technique seems to be more facile, less time consuming and

also does not require a dialysis membrane. Therefore, the polymers

dissolved in acetone were introduced into water in droplets while

stirring. The acetone can subsequently be completely removed from

the aqueous suspension by evaporation. This preparation technique

results in particles in the range of 106 nm to 313 nm and narrow size

distributions indicated by PDIP values between 0.097 and 0.159 (see

Table 1). Consequently, the dropping technique leads to smaller and

more uniformly distributed nanoparticles.

A direct comparison of the shapes of the nanoparticles formed can

be found in the SEM images in Fig. 2. Particles of PS-1 are ideal

globes obtained by both dialysis and the dropping technique.

However, PMMA-1 forms irregularly shaped particles in DMA

solution whereas preparation in acetone leads to more spherical

shaped units. PCA-1, which is not soluble in DMA, appears in

uneven spheres. Moreover, up to now, no direct correlation can be

identified for the resulting appearance of the particles when applying

the different preparation techniques, although a non-spherical shape

would be expected applying the dropping technique.

In summary, all presented polymers from technical grade as well as

well-defined polymers prepared by utilizing CRP techniques show

nanoparticle formation via nanoprecipitation either by dialysis from

a DMA solution or by dropping of an acetone solution under specific

medium conditions, i.e., dilute solutions. The extension of the concept

for other polymer classes, encapsulation studies and characterization

of the nanoparticles by analytical ultracentrifugation is currently

under investigation. By varying the parameters, in particular the

choice of the solvent, the concentration of the solution, and the

method applied, it should be possible to structure a wide range of

versatile functional polymers, e.g. glycopolymers, into nanoscale

particles; thus, an alternative general path for the well-controlled

nanoparticle formation can be provided. This approach opens

completely new avenues in nanotechnology for the formulation of

drug delivery devices or heterogeneous catalytic systems.
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Fig. 2 SEM images of polymeric nanoparticles of poly(styrene) (PS),

poly(methyl methacrylate) (PMMA), poly(3-caprolactone) (PCL)

prepared by dialysis of the polymers dissolved in DMA (c # 4 mg/mL)

and by dropwise addition of water into an acetone solution of the poly-

mers containing 4 mg/mL.
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