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ABSTRACT 
 

The synthesis and application of multicomponent and/or 

multifunctional nanoparticles is an area that has seen 

significant growth over the past decade. Nanocapsules, 

nanoparticles with a liquid core and hard shell, are one 

example. They have found use in numerous applications, 

for example, nanodrug formulations, nanoreactors, paints 

and inks, etc. Here we show that one method for creating 

nanoparticles, flash nanoprecipitation, can be used to create 

a variety of nanocapsules. Flash nanoprecipitation is a 

simple, scalable method that consists of rapidly mixing a 

solution with a miscible non-solvent, which induces 

aggregation/self-assembly of the solute into nanoparticles. 

We will present results on the synthesis of a number of 

different nanocapsules, in particular those developed for 

medical diagnostics and therapeutics. 
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1 INTRODUCTION 
 

There has been significant development over the past 

few decades on creating multicomponent, multifunctional 

nanomaterials. Solutions based methods are of particular 

interest due to their generally low-cost, mild synthetic 

conditions, and scalability. A simple method for inducing 

nanoparticle formation in organic materials, known as flash 

nanoprecipitation, consists of rapidly mixing a solution and 

a miscible nonsolvent [1]. This method produces stable 

dispersions of nanoparticles with sizes in the 10’s to 100’s 

of nm, and has been used to create nanoparticles of 

materials such as various chromophores [2], polymers[3], 

and drug formulations [4].  

While the method has primarily been used with single 

components, it can also be used to synthesize 

multicomponent nanoparticles. For example, we have 

shown that cocrystals of charge transfer compounds can be 

synthesized from a variety of different combinations of 

electron donors and acceptors [5-7]. Recently, Wu et al. 

showed that a similar method could be used to create liquid 

core nanocapsules by coprecipitating a polymer and an oily 

material in a method similar to flash nanoprecipitation [8].  

Liquid-core/polymer -shell nanocapsules are interesting 

materials for a number of applications [9], including as 

corrosion inhibitors [10], nanoreactors [11], and in 

biomedical applications such as drug delivery [12]. There 

are a number of different methods for synthesizing 

nanocapsules, including in-situ polymerization [13], phase 

separation followed by photopolymerization, 

nanoprecipitation [14], and chemically induced nucleation 

and growth followed by surface passivation [15].  

Here we present studies of the use of flash 

nanoprecipitation to create nanocapsules consisting of a 

polystyrene shell surrounding a liquid core of n-

hexadecane. The formation of the core-shell morphology 

can be understood using a droplet model, in which regions 

of the injected fluid that are formed by the turbulent mixing 

form the precursors of the final particles [16].  

 

2 MATERIALS AND METHODS 
 

2.1 Sample preparation 

Atactic polystyrene with a molecular weight of 260 kDa 

(Scientific Polymer Products) was dissolved in 

tetrahydrofuran (THF) at concentrations ranging from 0.2 to 

2.0 mg/mL. These values are all below the overlap 

concentration for the polymer. A given volume of n-

hexadecane was added to these solutions at ratios of 

PS:hexadecane ranging from 1:0 to 1:2. The solutions were 

injected through an 18 gauge pipet needle (diameter = 

0.838 mm) into distilled water at a rate of 1.0 mL/s using an 

automated syringe pump (Hamilton Microlab 500). The 

volume ratio of polymer solution:water was 1:9.The water 

was vortexed at a rate of 1000 rpm during and after the 

injection. 

 

2.2 Characterization 

The radii of the nanoparticles were measured using a 

dynamic light scattering (DLS) apparatus based on an 

ALV-5000 hardware autocorrelator (ALV GmbH) and 

discrete optical components. Details of the apparatus and 

data analysis can be found in reference [17]. Atomic force 

microscopy (AFM) images were acquired using an  

NTEGRA Prima AFM (NT-MDT Spectrum Instruments). 

Scanning electron microscopy (SEM) was done using a 

Zeiss Supra 55VP. All the samples were measured using the 

secondary electron detector at 0.5 kV to 2 kV beam energy. 

Samples for AFM and SEM were prepared by several 

methods, including spin-coating, blade coating and drop-

casting. All substrates were Si wafers washed with acetone 

followed by cleaning with an air plasma. 
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3 RESULTS AND DISCUSSION 
 

Figure 1 shows SEM images of nanoparticles of 

polystyrene with and without hexadecane. When 

hexadecane was included, we observe many instances of 

what appear to be collapsed shells, suggesting that liquid 

filled nanocapsules are formed, with the hexadecane 

escaping during sample preparation. We believe these 

images can be understood within the context of the droplet 

model that we developed for single polymer component 

nanoparticles made with flash nanoprecipitation.  

According to this model, the injected solution rapidly 

breaks into droplets due to the turbulent mixing [16]. The 

size of the droplets is determined by the fluid dynamics: the 

mixing conditions and fluid properties. While these droplets 

form, the solvent and non-solvent interdiffuse, leading to 

the hydrophobic components (e.g. polystyrene and n-

hexadecane) that are initially dissolved in the solution to 

become highly supersaturated. This interdiffusion is 

partially hindered by interactions with the polymer, which 

is preferentially solvated by the good solvent. The free 

energy gradient at the droplet surface will result in the 

diffusion of the hydrophobic components away from the 

interface. At some point during this process, the polymer 

may undergo a glass transition, if the bulk glass transition 

temperature is above the temperature at which the 

nanoprecipitation is performed, locking in the morphology 

of the polymer at that point. 

When there are two components dissolved in the good 

solvent, e.g. polystyrene and hexadecane, they will initially 

be distributed homogeneously in the droplets. The 

interdiffusion of the THF and water will lead to free energy 

gradients causing both the polystyrene and hexadecane to 

diffuse away from the droplet surface. The larger diffusivity 

of the hexadecane will lead to it reaching the particle center 

first, while the slower diffusing polystyrene will be more 

concentrated at the surface. As in single component 

polystyrene nanoparticles formed with this method, it will 

reach a glass transition at some point, locking in its shell 

structure with the liquid hexadecane as the core.  

This hypothesis is further supported by images of 

samples with a higher ratio of hexadecane to polystyrene as 

shown in Figure 2. These showed somewhat larger, thinner 

shells. In this case, the added hexadecane increases the 

volume of material in the droplets, leading to larger 

particles. However, the higher ratio also leads to less 

polystyrene available to form the shell, hence making them 

thinner.  

These images were corroborated by similar 

measurements using AFM, as shown in Figure 3, which 

shows a sample which had equals amounts of polystyrene 

and hexadecane. 

Our model was further supported by measurements of 

the particle size as a function of the concentration of the 

initial polymer solution and the ratio of hexadecane to 

polystyrene. Figure 4 shows the particle volume calculated 

from the radii measured by DLS, as a function of the initial 

concentrations of the polystyrene in THF and for different 

ratios of hexadecane to polystyrene. 

 

 
Figure 1: SEM images of nanoparticles containing 

polystyrene only (top) and polystyrene/hexadecane in a 

2:1 ratio. 

Figure 2: SEM image of a sample with a 

polystyrene/hexadecane ratio of 0.5:1. 
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In single component polystyrene nanoparticles formed 

using flash nanoprecipitation, we observed a linear 

relationship between volume and the concentration of the 

initial polymer solution. This behavior is consistent with a 

droplet model, in which the mixing process alone sets the 

size of the droplets of high polymer concentration, after 

which the polymers collapse as the solvents interdiffuse 

[16]. However, for the hexadecane/polystyrene 

nanocapsules, we initially observed a nonlinear 

dependence, as well as much larger particle volumes than 

would be expected from simply adding the hexadecane 

volume to that of the polystyrene. There are several 

possible explanations for this size dependence, such as the 

influence of the hexadecane on the fluid dynamics of the 

initial droplet formation, the possibility that it is plasticizing 

the polymer, making particles more likely to coalesce into 

larger particles upon making contact, or some amount of 

THF being incorporated into the particle due to the strong 

hydrophobicity of the hexadecane. We checked this latter 

possibility by leaving samples uncovered for several days in 

order to allow THF in the solvent to evaporate, which 

should in turn reduce the amount trapped in the particles as 

the solvents in and outside of the particles equilibrate. The 

resulting particle sizes were much smaller, with a larger 

drop for the particles with higher ratios of n-hexadecane to 

polystyrene. In addition, the dependence of the particle size 

on the initial polymer concentration became roughly linear, 

as shown in Figure 5, similar to what we found for single 

component polymer nanoparticles.  

 

4 CONCLUSIONS 
 

We have shown that flash nanoprecipitation, a simple 

and scalable method for solution synthesis of nanoparticles, 

can be used to create liquid-core nanocapsules. 

Nanocapsules consisting of a hexadecane core and 

polystyrene shell were synthesized. The size and ratio of 

core to shell was controlled by varying the concentrations 

of the initial polymer/hexadecane. We propose the 

extension of the droplet model to explain the formation and 

dependence of the properties on the synthesis conditions. 
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Figure 4: Particle volume vs. initial polymer 

concentration for particles with and without 

hexadecane. Volumes were calculated using the 

particle radius measured using DLS, assuming 

spherical particles. 

 
Figure 5: Particle volume vs. initial polymer 

concentration for particles with and without 

hexadecane. The samples were left out 4 days in order 

to remove any THF that was encapsulated in the 

particles. Volumes were calculated using the particle 

radius measured using DLS, assuming spherical 

particles. 
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