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ABSTRACT 
 
We report an approach of seeded emulsion 

polymerization in which inorganic nanocrystals act as 
seeds. Ultrasmall biocompatible magnetic polymer coated 
nanocrystal could be prepared with sizes between 15 nm 
and 110 nm in a process  that avoids any treatment with 
high shear forces or ultrasonication. The number of 
nanocrystals per seed and the shell thickness can be 
independently adjusted. Thus single encapsulated 
nanocrystals as well as clusters of nanocrystals can be 
obtained with thin or thick polymer shell. Polysorbat-80 
was used as surfactant. It consists of poly(ethylene glycol) 
(PEG) chains, giving the particles outstanding biofunctional 
characteristics such as a minimization of unspecific 
interactions. 
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1 INTRODUCTION 
 
Nanocrystals are high potentials in medical application, 

especially superparamagnetic ones, which are ideal contrast 
agents for magnetic resonance imaging (MRI). The phase 
transfer of the nanocrystals, that are hydrophobic after 
synthesis, into aqueous media is a challenge. An approach 
that allows the in-situ synthesis of polymer-stabilized 
nanocrystals in water is emulsion polymerization [1-8]. 
From the technical chemistry point of view these processes 
are highly favorable. To produce submicron composite 
latex particles, mini-emulsion polymerizations are 
frequently applied [9–13]. Hereby, the nanocrystals are 
dissolved in a monomer or a hydrophobic solvent and the 
emulsion is formed from the oil phase, kinetically driven by 
high shear rates or ultrasonification. For nanocrystal-
polymer beads, typical diameters larger than 100 nm are 
obtained [1,14], however for most biological applications 
sizes of < 50 nm are required and controllable adjustment 
of the sizes are of special interest. 

We present the production of PEGylated particles in the 
lower nanometer range by seeded emulsion polymerization 
technique under micro-emulsion conditions, avoiding any 
treatment with high shear forces or ultrasonication. Hereby, 

the hydrophobic shells of the inorganic nanocrystals are 
used as seeds for the seeded emulsion polymerization. As 
surfactant polysorbate-80, that contains poly(ethylene 
glycol) (PEG), was applied. PEG is known for its attribute 
to minimize unspecific interactions [15]. Furthermore 
polysorbate-80 has extraordinary properties in 
bioapplications and is used for drug delivery systems [16-
18]. 

2 RESULTS AND DISCUSSION 
 
Our apporach consists of two steps. The first step is the 

formation of the seed, where a tetrahydrofurane (THF) 
solution containing nanocrystals and polysorbate-80  
(Scheme 1, A) is injected into water (Scheme 1, 1). The 
 

 
 
Scheme 1: Schematic illustration of encapsulation by 
seeded emulsion polymerization; A: nanocrystals and 

polysorbate-80 in THF; 1: injection into water; B: seed 
structure; 2: addition of monomer; C: swollen seed; 3: 

seeded emulsion polymerization; D: nanocrystal covered 
with a polymeric shell. 
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seed can consist of only one nanocrystal or can be a cluster 
of nanocrystals. The cluster size (aggregation number) can 
be tuned by the ratio between the nanocrystals and the 
polysorbate-80. 

In the second step the monomer, styrene and 
divinylbenzene, is added to the solution (Scheme 1, 2) and 
the radical polymerization is started. This leads to a 
formation of a polymer shell around the nanocrystals. The 
thickness of the polymer shell can be tuned over a broad 
range by varying the amount of monomer added (Figure 1, 
(a)). 

Transmission electron micrographs (TEM) of the final 
composites (Figure 1) show that the nanocrystals are 
surrounded by a polystyrene shell. In Figure 1 (c) and (d) 
single encapsulated iron oxide nanocrystals are presented. 
The thicker polymer shell of the composites in Figure 1 (c) 
results in a 35 nm higher hydrodynamic diameter compared 
to the composites shown in Figure 1 (d). In Figure 1 (e) and 
(f) shows differed sized clusters. Again, a proper coating of 
the nanocrystals by the polymer was found and the 
tuneability of the polymer shell in the case of clusters a 
seed could be demonstrated. 

Atomic force microscopic (AFM) measurements of the 
composites showed, that the composites do not flatten on 
the substrate. Thus a stiff character of the polymer shell is 
indicated. 

The colloidal solutions and the particle sizes were found 
to be stable over a period longer than six months at room 
temperature in water and for longer than 4 days in different 
biochemically relevant media. No significant changes in 
size were observed in Dulbecco's Phosphate-Buffered 
Saline (DPBS) with or without bovine serum albumin 
(BSA), 2-(N-morpholino)ethanesulfonic acid (MES), and 
sodium chloride (NaCl). Slight changes were observed in 
Dulbecco's Modified Eagle's Medium (DMEM) containing 
media (DMEM and fetal calf serum (FCS) as well as 
DMEM and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic 
acid (HEPES)). Further more the composites were found to 
be stable in the pH-range of pH 3 to pH 12 and in the 
presence of small magnetic field gradient. 

The magnetic properties of the composites are most 
relevant for MRI They depend on the saturation 
magnetization of the individual nanocrystals and the 
number of nanocrystal in a cluster. The transverse relaxivity 
r2 increases, as shown in Figure 2, with increasing number 
of nanocrystal per composite, thus increasing 
hydrodynamic cluster diameter. r2 was found to be between 
50 mM-1s-1 and 330 mM-1s-1. For these experiments 
nanocrystals with a diameter of 11 nm were used. The use 
of smaller nanocrystals for example would result in a lower 
overall relaxivity. With increasing thickness of the polymer 
shell r2 remains constant for small clusters and decreases 
slightly for larger clusters. This might be due to the 
increased interparticle distances arising from possible 
swelling. Detailed information on the influence of 
interparticle spacing within a cluster of nanocrystals have 
been reported recently [19]. 

 
 
Figure 1: a): Dynamic light scattering (DLS) data (intensity 

distribution) showing the size tuneability of the polymer 
shell that increases from the continuous to the dashed and 
dotted up to the dot-dashed line, b): corresponding DLS 

data (intensity distribution) to the micrographs (– – = (c);  
– • – = (d); —   — = (e); — = (f)), c) & d): TEM 
micrographs and corresponding histograms (109 

composites each) of single encapsulated iron oxide-
nanocrystals, e) & f) TEM micrographs and corresponding 
histograms (109 composites each) of clustered iron oxide-

nanocrystals. 
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Figure 4: a): STEM overview (left) and HR-STEM micrograph (right) showing composite particles containing Au- 
and iron oxide-nanocrystals, b): the corresponding absorption spectrum clearly shows the gold plasmon band, c) 
upper part: from left to right: Dark field image, and EDX mapping at Au-M, Fe-K, O-K edge, lower part: EXD 

spectra of the selected areas in the dark field image. 

 
 

Figure 2: Effect of hydrodynamic cluster diameter 
(intensity distribution) and shell thickness on r2, measured 
at 37 °C and 1.41 T. The semitransparent bars show the 

data after polymer shell growth. 
 

With the described procedure hybrid structures can 
easily be produced. Different types of nanocrystals can be 
encapsulated in one latex sphere. 

 The ratio between the different kinds of nanocrystals 
can be tuned by the ratio of the nanocrystals added into the 
THF slution. As an example, Figure 3 shows Au-
nanocrystals (4 nm) co-encapsulated with iron oxide-
nanocrystals (9 nm). This enables the magnetic properties 
of the iron oxide-nanocrystals to be combined with the 
optical properties of the Au-nanocrystals. Figure 3 (a) 
shows scanning transmission electron micrographs (STEM) 
of the composites. Due to the higher z- contrast the Au-
nanocrystals appear in these micrographs brighter than the 
iron oxide-nanocrystals. In addition Figure 3 (c) shows 
EDX element mapping of the composite. Iron oxide and 
gold nanocrystals are clearly to be distinguished. Oxygen 
appears as expected in the areas where iron is present. The 
absorption spectrum of these composites (Figure 3, (b)) 
shows the specific plasmon peak from the Au-nanocrystals. 

 
3 CONCLUSION 

 
In conclusion, seeded emulsion polymerization was 

used to encapsulate nanocrystals into using polysorbate-80 
as surfactant, thus making them stable in water and 
biochemical relevant media under conservation of their 
characteristic properties. Polysorbate-80 was applied as the 
surfactant due to its extraordinary properties in 
bioapplications. To achieve highly uniform products, the 
formation was split into two simple steps, first the 
formation of the seed and second seeded emulsion 

b) a) 

c) 
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polymerization. The number of nanocrystals per seed and 
the shell thickness can be independently adjusted. The high 
quality of the products could be documented in DLS, TEM 
and AFM as well as by optical examinations. The use of 
biocompatible substances, water as the reaction medium 
and low reaction temperatures of only 45 °C renders this 
approach to green syntheses. Finally, this approach allows 
the encapsulation of different kinds of hydrophobic 
nanocrystals. Thus it  enables composite particles with 
different properties to be afforded. 
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