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Well-defined polyelectrolyte multilayer nanocapsules (NCs) are 
synthesized by layer-by-layer deposition of poly(acrylic acid) and 
poly(allylamine hydrochloride) over crystallized miniemulsion 
nanoparticles, followed by shell crosslinking and template removal. 
This synthetic approach allows well-controlled dimensions of NCs 
due to the high colloidal stability of the templates, and may also 
permit a broad composition range of NCs because of the mild 
conditions for template removal.

Polymeric capsules have attracted significant interests because 
of their hollowed structures that can be utilized for various 
applications.1 The composition and dimensions of polymeric 
capsules are critically important for tuning their comprehensive 
properties and targeting specific applications.2 For instance, 
nanocapsules (NCs) with biocompatible polymeric components 
have proven to be a promising class of nanocarriers for 
applications in the delivery of therapeutic and diagnostic agents 
via blood circulation.3 

Among various approaches, layer-by-layer (LBL) self-
assembly as a versatile technique has been developed for the 
synthesis of capsules with well-controlled polyelectrolyte 
multilayer (PEM) structures.1a-1c The corresponding preparation 
relies on the use of sacrificial cores as substrates for LBL 
deposition and templates of capsule cavities, which are formed 
after core removal. Therefore, the size, stability, and removal 
conditions of such sacrificial cores are critical in the synthetic 
control of capsules. Accordingly, there are two general 
synthetic limitations. First, it is more difficult to prepare smaller 
capsules, because high colloidal stability of LBL cores is required 
to overcome their aggregation tendency which becomes more 

severe for smaller templates especially during the LBL 
depositing and subsequent washing process.4 Second, the 
processing conditions for the removal of LBL cores can impose 
significant restrictions on the composition of polyelectrolyte 
layers. Emulsion-derived templates, with liquid,5 liquid crystal,6 
or hydrogel7 droplets covered by interface-stabilizing 
substances, have been utilized in LBL preparation of capsules. 
These templates can allow core removal under mild conditions, 
and therefore enable a broad range of composition of capsules. 
However, generally the resulting capsules were limited to 
micron size, and it is very challenging to prepare well-defined 
NCs via these templates for several reasons. First, typically 
emulsion-derived templates have relatively limited colloidal 
stability due to the dynamic nature of small molecule 
surfactants. Second, although larger-sized interface-stabilizing 
substances can lead to emulsions with higher colloidal stability,8 
the sizes of these emulsions are generally in micron range. 
Third, low polydispersity of emulsion-derived droplets may not 
be obtained in some systems. 
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Scheme 1. Preparation of crystallized miniemulsion
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With long-term research interest in polymeric NCs,3d, 9 we 
have recently investigated LBL preparation of NCs using 
crystallized miniemulsion nanoparticles (NPs) as special 
sacrificial cores. As compared to typical emulsions, 
miniemulsions have significant kinetic stability.10 Our previous 
studies demonstrated that crystallization of the dispersed oil 
phase leads to crystallized miniemulsion NPs with higher 
colloidal stability because of surface-anchored surfactant 
molecules.9a, 9b The dynamic stability of their surfactant 
monolayers on NPs’ surface can be further enhanced through 
covalent stabilization. Scheme 1 shows the general procedure 
for the preparation of the crystallized miniemulsion NPs. In 
brief, NPs were obtained by miniemulsification of a mixture 
consisting of n-docosane (dispersed phase; m.p. = 42-45 °C), 
water (continuous phase), and polymerizable surfactants at 50 
°C, following by cooling to room temperature (r.t.) and 
subsequent UV-induced (λmax = 365 nm) photo-crosslinking of 
surfactant monolayers. The crystallinity of the oil interior of the 
miniemulsion NPs at room temperature was verified by analysis 
using differential scanning calorimetry (DSC) prior to covalent 
stabilization of surfactant monolayers (Fig. S1). The dimension 
of these NPs can be adjusted through miniemulsion 
formulation, and specifically increases with oil amount (Fig. S2). 
The quaternary ammonium bromide functionality of the 
surfactants results in positive surface charge (~+60 mV) of the 
resulting narrowly-dispersed NPs (Fig. S3). Covalent-
stabilization of the surfactant monolayers is critically important 
for increasing their dynamic stability and maintaining the 
colloidal stability of these NPs for LBL coating (Scheme S1). With 
the treatment of poly(acrylic acid) (PAA) in the form of sodium 
salt, the NPs stabilized by only small molecule surfactants 
formed aggregates, and this result was ascribed to the partial 
peeling off these surfactants from the surface of NPs due to 
their electrostatic interactions with PAA. However, NPs with 
crosslinked or polymerized surfactant monolayers were 
colloidal stable under the same conditions.  

The synthesis of PEM NCs started with the preparation of 
PEM-coated NPs by LBL coating of PAA and poly(allylamine 
hydrochloride) (PAH) on crystallized miniemulsion NPs (Scheme 
2), which have crosslinked surfactant monolayers and a volume-
average hydrodynamic diameter (Dh,V) of 98 ± 1 nm  (Fig. S3). 
PAA and PAH carry negative and positive charges because of 

their carboxylic salt and pronated amine moieties, respectively. 
They can form polycomplexes via electrostatic interactions.11 
PAA (MW

GPC = 5.1 kDa) and PAH (MW
GPC = 17.5 kDa) solutions 

were prepared in ultra-pure water at neutral pH with a 
concentration of 10 mM with respect to their monomer units. 
No additives were employed to adjust the pH of the 
polyelectrolyte solutions. The alternative LBL deposition of PAA 
and PAH was performed by adding their respective solutions to 
the solution of substrate NPs, followed by washing. In each 
coating process, excess amount of polyelectrolyte was used. 
The deposition process lasted for 30 min, with the assistance of 
mild ultrasonication to minimize aggregation of NPs at around 
isoelectric point. Because the resulting NPs have lower density 
than water, centrifuge dialysis technique (MWCO = 30 kDa) was 
used successfully to wash the coated NPs. The washed coated 
NPs showed ζ of ~-40 and +50 mV upon the deposition of PAA 
and PAH, respectively (Fig. 1a). The alternating positive and 
negative changes in ζ values upon the coating of a new PE layer 

Fig. 1 a) Zeta potential of PEM-coated NPs as a function of PAA/PAH adsorbed 
layer number. b) pH of resultant solutions of NPs as a function of PAA/PAH 
adsorbed layer number. 

Scheme 1. LBL synthesis of crosslinked PEM NCs using crystallized miniemulsion NPs with covalently-stabilized surfactant layers as substrate.
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indicates the successful PE deposition through electrostatic 
adsorption. The relatively high absolute values of ζ are critical 
to maintain the colloidal stability of these NPs. Because both 
PAA and PAH are weak polyelectrolytes with pH-dependent 
ionization level,12 pH variation of the solutions of NPs during LBL 
process was observed (Fig. 1b). Solutions of PAA-coated NPs 
retained slightly basic pH around 8 because the COO- moieties 
can induce the generation of OH-. On the other hand, solutions 
of PAH-coated NPs possessed acidic pH around 5 due to excess 
H+ provided by the protonated amines of PAH. 

The dimensions of the LBL NPs were characterized by 
dynamic light scattering (DLS). The change of Dh,V of the NPs was 
revealed by DLS analysis (Fig. 2). With net results of continuous 
increase of Dh,V of NPs upon each PAA/PAH deposition cycle, the 
increase in Dh,V of NPs by PAH-coating was significant each time, 
but the subsequent PAA-coating resulted in slight shrinkage of 
Dh,V values, presumably because PAA with relatively small 
molecular size could effectively condense the newly formed 
outer PAA/PAH complex bilayer. The DLS results also indicated 
absence of severe aggregation of NPs during the LBL process.11 

Subsequently, crosslinked PEM NCs were obtained after 
chemical crosslinking the PEM of LBL NPs, followed by core 
removal. The purpose of chemical crosslinking is to covalently 
stabilize the PEM structures, which otherwise can be highly 
sensitive to environmental conditions and may readily undergo 
unfavorable aggregation or dissociation upon medium change.  
Following the approach reported by Caruso and co-workers,11 
amidation crosslinking was performed for PAA/PAH PEMs of the 
NPs (Scheme S2), in the presence of 1-ethyl-3-(3-
dimethylaminopropyl)carbo-diimide (EDC) and N-
hydroxysuccinimide (NHS). The successful crosslinking was 

verified by FT-IR analysis (Fig. 3), based on the appearance of 
amide C=O stretch adsorption at ~1650 cm-1 for the resulting 
PEM-crosslinked NPs as a result of amidation crosslinking. In 
addition, DLS monitoring of the crosslinking process also 
provide supporting evidence for the occurrence of amidation 
crosslinking by tracking the zeta potential change. With the 
occurrence of crosslinking reaction, the zeta potential value of 
the NPs decreased from +54 ± 2 mV to +34 ± 3 mV. Formation 
of amide crosslinking bonds between coated multilayers of PAA 
and PAH eliminated the charged functionalities and retained 
less ionized state, leading to the lower zeta potential value. 

Well-defined NCs with crosslinked PEM shells were achieved 
by removal of crystallized n-docosane core of the LBL NPs. The 
core removal was readily performed by dialysis of the NPs 
against tetrahydrofuran (THF), which is a good solvent of 
docosane. The resulting crosslinked PEM NCs can be readily 
dispersed in water. Similarly, the NCs with non-crosslinked PEM 
shells were also prepared following the same procedure of core 
removal for NPs/[PAA/PAH]3 without shell-crosslinking.

Fig. 2 a) Dh,V measured by DLS as a function of number of PAA/PAH adsorbed 
layerson the crystallized miniemulsion NPs; b) Volume-average size 
distribution change for consecutive bilayer deposition on NPs. There arrow 
shows the direction of LBL cycle as the number of bilayers increase. Each 
dashed curve corresponds to a triangle data point in Fig 2a.

Fig. 3 FT-IR spectra of crosslinked [PAA/PAH]3 NCs (solid line) and 
NPs/[PAA/PAH]3 (dashed line). The arrow represents the formation of amide 
bond (with adsorption at 1650 cm-1), occurred during crosslinking reaction 
between –COO¯ functionality of PAA and –NH3

+ functionality of PAH, 
catalysed by EDC and NHS. R1 and R2 represent PAA and PAH backbone 
respectively.

Fig. 4 a) TEM image of shell-crosslinked NPs/[PAA/PAH]3 after shell 
crosslinking.  b-d) TEM images of crosslinked [PAA/PAH]3 NCs
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As compared with the shell-crosslinked NPs/[PAA/PAH]3 
templates (Dh,V = 256 ± 4 nm; +34 ± 3 mV), the crosslinked NCs 
(Dh,V = 235 ± 6  nm; ζ = +25 ± 3 mV) exhibited ~8% shrinkage in 
hydrodynamic size, due to the contraction of their network 
after the core removal (Fig. S4). DLS analysis also indicated that 
extent of size shrinkage increases considerably with the size of 
NCs. Because the NCs have the same PEM shell structures, such 
results further suggested that their physical strength and 
resistance to shrinkage decrease with the increase of the ratio 
of diameter to shell thickness.13 DLS analysis demonstrated that 
the crosslinking of PEM shells led to NCs with robust structures 
that can stand for sonication treatment (Figs. S5-S6). As a 
comparison, the non-crosslinked NCs were more swollen and 
showed bigger hydrodynamic dimensions (Dh,V = 343 ± 8 nm), 
but dissembled with the formation of aggregates after a mild 
sonication.1b, 1c 

According to TEM imaging, the shell-crosslinked 
NPs/[PAA/PAH]3 exhibited a dry-state surface average diameter 
(Dav) of 96 ± 12 nm, while the corresponding NCs showed a Dav 
of 87 ± 11 nm, with shell thickness of ~6 nm (Figs. 4 and S7). The 
average thickness of only ~2 nm for each bilayer was ascribed 
to the relatively small molecular sizes of PAA and PAH used in 
this work.11 Because these NCs have inner shell surface 
adsorbed with covalent-stabilized surfactant monolayers 
carrying hydrophobic tails, hydrophobic cargoes, such as nile 
red, can be readily encapsulated by their inner cavities (Fig. S8).  

In summary, the LBL approach using crystallized 
miniemulsion NPs with covalently-stabilized surfactant layers as 
sacrificial templates has been demonstrated for the preparation 
of crosslinked PEM NCs. By using PAA/PAH as exemplary pair of 
polyelectrolytes with opposite charges, the resulting NCs 
showed well-defined capsular structures and well-controlled 
nanoscopic dimensions. Because these sacrificial NPs possess 
high colloidal stability and their crystallized oil phase can be 
readily removed by using organic solvent under mild synthetic 
conditions, this approach may allow to access a broad variety of 
well-defined NCs with different compositions. 
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