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Abstract 

 

Polymers have been utilized to direct nanoparticle (NP) assembly into complex shapes and 

morphologies. Strategies for polymer-directed NP assembly often involve tuning the phase 

behavior of multi-component polymer/nanoparticle systems. In this work, we report the co-

assembly of polymer and NPs into hollow vesicles using confined polymer crystallization-directed 

assembly. 5 nm and 20 nm Fe3O4 NPs are used as the solid surfactants to create Pickering 

emulsions of water and poly(L-lactic acid) (PLLA) toluene solution. The oil/water interface of the 

emulsion droplets templates the growth of PLLA crystals, which in turn, immobilize NPs onto the 

crystal surface, leading to the formation of colloido-polymer-crystalsomes (CPCs). The structure, 

morphology, and formation mechanism of the CPCs are investigated using electron microscopy 

and thermal analysis techniques. This work provides a new approach to fabricate nanoscale 

complex NP-polymer conjugates.  
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Introduction 

 Nanoparticles (NPs), both dispersed in solution and assembled in the solid state, have 

demonstrated intriguing optical, electronic, and mechanical properties. [1-5]   Of particular interest 

is assembling NPs to desired structures for various applications.[6-19] Surfactants and polymers 

have been used to direct NPs to assemble into complex morphologies and structures.[18] Structure 

formation in this regard is largely driven by co-assembly of polymer/NPs to achieve a global free 

energy minimum, which often involves the redistribution of polymer ligands on the NP 

surfaces.[20] Spherical NP vesicles have been attained using this approach. For example, It was 

shown that gold nanoparticles (AuNPs) tethered with poly(ethylene oxide) (PEO) and poly(methyl 

methacrylate) (PMMA) can self-assemble into vesicle structure with the AuNPs embedded in the 

PMMA layer.[21] Hybrid Janus vesicles were prepared by co-assembly of hydrophobic Fe3O4 

NPs, free amphiphilic block copolymers (BCPs), and AuNP coated with the BCP.[22] Both 

spherical and hemispherical shapes of the assembly were observed.[22] Fe3O4 NPs were also 

incorporated into polymersomes formed by the self-assembly of poly(acrylic acid) (PAA)-b-poly 

(styrene) (PS) amphiphilic block copolymers (BCPs).[23]  

Another intriguing spherical NP assembly structure is the so-called colloidosome, which 

is formed by pinning NPs or microparticles at the water/oil interface of an emulsion.[24-28] These 

NPs serve as the solid-state surfactants to stabilize the emulsion.[24-28] The interstitial space 

between adjacent NPs provides a means for selective diffusion of molecules or drugs. To harvest 

colloidosomes for various application purposes, the colloidal particles at the emulsion surface are 

“crosslinked” using methods including infusion of NPs, crosslinking of ligands surrounding the 

NPs, and polyelectrolyte complexation.[28] Polymer single crystals (PSCs) have been utilized to 

template NP assembly.[29-33] Typically formed by folding polymer chains into quasi-two 
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dimensional (2D) nanometer-thin sheets, PSCs can then immobilize NPs on their surface, leading 

to co-assembly of polymer and NPs.[30] Flat 2D and linear 1D NP assemblies templated by PSCs 

have been reported,[29, 34, 35] and these unique free-standing NP/PSC conjugates have found 

applications in nanoparticle synthesis,[36] artificial nanomotors,[37] surface enhanced Raman 

spectroscopy,[38] directing ion transport, etc.[39] On the other hand, spherical polymer 

crystalsome structures have been recently reported.[40-46] The morphology of crystalsomes is 

quite similar to the previous reported colloidosomes ‒ both are spherical, nanosized hollow 

particles and can be formed in miniemulsion systems. Moreover, nucleation and growth of polymer 

crystals from nanofillers at liquid/liquid interface has also been studied.[47, 48] These studies 

motivated us to investigate the feasibility of co-assembling NPs and PSCs in a miniemulsion 

system. In this work, an Fe3O4 NP‒stabilized miniemulsion is used to template the formation of 

poly(L-lactic acid) (PLLA) crystalsomes. Hollow particles comprised of PSCs and NPs are 

formed. The solid 2D PSCs provide another means to immobilize NP assembly in colloidosome-

like templates. Because of the nucleation‒growth nature of the crystalsome formation mechanism, 

intermediate states of the assemblies with open shell structure can be captured. Our work 

demonstrates a new approach to achieve controlled assembly of NPs with vesicle-like and non-

conventional morphologies.  

 

Results and Discussion 

Polymer crystallization in nanoparticle-stabilized emulsions 

Scheme 1 shows the fabrication strategy employed to investigate polymer crystallization 

templated by NP-stabilized emulsions. Briefly, PLLA homopolymer is dissolved in an Fe3O4 NP 

toluene solution (5 mg/mL) at 105 C (Scheme 1a) and then mixed with DI H2O which is pre-
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heated at the same temperature. The miniemulsion is then generated via probe sonication of the 

mixture using the NPs as the solid surfactants (Scheme 1b). Note that the NPs are pinned at the 

emulsion interface due to the lowered overall free energy of the system, the Pickering mechanism, 

and the PLLA polymer is dissolved in the emulsion droplet. The system is then brought to 70 C 

for crystallization. The formed PLLA nuclei are also anticipated to be pinned at the oil/water 

interface, similar to the previously reported crystalsome cases. As it grows, the PSC expels the 

NPs from the growth front and the NPs are immobilized on the crystal surface, as shown in Scheme 

1c.         

 

 

Scheme 1. The formation process of colloido-polymer-crystalsomes. (a) H2O and PLLA/NP 

toluene solution are used as the water/oil phase, respectively. (b) A miniemulsion droplet stabilized 

by NPs and the polymers are dissolved inside the droplet. (c) Crystallization of PLLA leads to the 

colloido-polymer-crystalsome particles.  
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Figure 1 shows a typical scanning electron microscopy (SEM) image of the polymer 

crystals prepared using the 5 nm NP colloidosome templates after 2-days of crystallization. The 

crystal is non-flat and three-dimensional (3D), which is consistent with the previously reported 

crystalsomes.[40] The size of the particles ranges from  hundreds of nm to several µm.  Polymer 

layered lamellae can be seen on the surface of the particles, blue arrow, in Figure 1b. Interestingly, 

multiple tie chains (red arrows) can also be seen connecting two lamellar surfaces, suggesting that 

multilayered structures can form and there are connected via polymer chains between the adjacent 

lamellae.[33] The particles are not quite spherical, instead, they appear polyhedron-like with quite 

distinct facets which is different from the previously reported PLLA crystalsomes templated by 

small molar mass surfactants.[40] Figures 1b-d are three crystals obtained using the same method 

and the morphology resembles a crystal viewed from different directions, further confirming the 

non-spherical morphology of the crystal. It is evident from Figure 1d that these particles are 

hollow capsules and are not completely closed, even in some areas there is overlapping of polymer 

lamellae. The small opening area (green arrow in Figure 1d) indicates that the polymer crystals 

stopped growth before they can completely cover the emulsion droplet surface, which again is 

different from the previous PLLA crystalsomes.[40] The openness of the structure could be 

attributed to the lack of polymers in the solution and nanoparticle surfactants. The multiple-faceted 

nature can be associated with lamellar growth, which will be discussed later. Because these 

capsules are comprised of both NPs and PSCs, colloido-polymer-crystalsomes (CPCs) will be the 

naming convention used in the following discussion of this unique structure. 
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Figure 1. PLLA colloido-polymer-crystalsomes. (a-d) SEM images of PLLA CPCs comprised of 

5 nm NP and PLLA PSCs at different magnifications. (b-d) reveal polyderon-like shapes of the 

CPCs. (e) SAED pattern of a PLLA CPC containing 5 nm NPs and (f) the corresponding bright 

field TEM image. (g) DSC first heating thermograms of CPCs formed by PLLA and 5 nm (red) / 

20 nm (black) NPs. Scale bars in (a) 10 µm, (b-d) 1 µm, and (f) 400 nm.  

 

To confirm the crystalline nature of these CPCs, selected area electron diffraction (SAED) 

experiments were conducted. Figure 1e shows a representative SAED pattern and Figure 1f is the 

corresponding bright field image. The SAED pattern is consistent with an [00l] zone diffraction 

for α-phase PLLA with (200) and (110) diffraction spots.[40, 49, 50] The bright field image shows 

quite dark appearance, which is due to the high contrast associated with NPs. Clearer images of 

the NPs will be presented later. Differential scanning calorimetry (DSC) was used to examine the 
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thermal properties of the CPCs. The red curve in Figure 1h shows the first heating DSC trace of 

CPCs formed by 5 nm NPs and PLLA lamellae. A broad glass transition (Tg) with accompanying 

hysteresis peak at 64.3 C and a melting point (Tm) of 164.6 C can be seen, and the percent 

crystallinity is ~ 25 % using a heat of fusion of 91 J/g for 100% crystalline samples of PLLA.[44] 

Compared to previously reported PLLA crystalsomes, CPCs show similar Tm. However, two main 

differences can be identified: 1) there is a clear hysteresis peak (enthalpy relaxation) in the glass 

transition region in CPCs while this peak is absent in PLLA crystalsomes;[44] 2) CPCs show lower 

crystallinity (25% vs 50-60% in 300-400 nm PLLA crystalsomes).[44] We attribute both 

differences to the NP effect: NPs are trapped in the vicinity of the PLLA lamellar fold surface, 

which reduces its order, and hinders its relaxation during heating.  To confirm this, CPCs using 20 

nm Fe3O4 NPs and PLLA PSCs were also prepared. The DSC heating trace (black curve in Figure 

1g) shows multiple melting peaks at 161.2 and 167.6 C but no clear Tg. The percent crystallinity 

is ~ 32 %. The absence of a clear Tg and the presence of multiple melting are more common to 

PLLA single crystals.[44] This suggests that the relatively large 20 nm NPs are likely more 

excluded from the fold surface of the PSCs, and therefore the DSC heating thermogram closely 

mimics that of a pure PSC crystalsome.[44] Also note that recrystallization during heating is absent 

in both CPCs, while it was observed in pure PLLA crystalsomes, suggesting that NPs do hinder 

chain rearrangement for cold crystallization. 

To better view the NPs on the surface of a CPC, high magnification TEM imaging was 

used, and the results are shown in Figure 2.  Figure 2a is a relatively spherical CPC fabricated 

with 5 nm NPs and having a diameter of ~ 460 nm. Fe3O4 NPs are clearly seen, covering nearly 

the entire surface of the CPC. The hydroxy group chain ends and the ester group in PLLA could 

facilitate PSC-NP adhesion.[37] The NPs also appear to be tightly packed, showing different 
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packing symmetries in different locations of the CPC. For example, the NPs in the left domain 

(red circle) have a hexagonal symmetry, while in the central lower region, the packing appears to 

be square (blue circle). In the upper central region (white circle), the packing symmetry is unclear 

with particles seeming to form chains. The appearance of different packing symmetries on one 

CPC is presumably because 1) the local packing of the NPs could vary due to the dynamic nature 

of the oil/water surface and the NP immobilization process, and 2) in different regions on the 

curved surface of the sphere, the NP assemblies are projected on the recording screen at different 

angles. In another example, TEM tilting experiments were conducted on a small CPC and Figure 

2b-d shows the CPC without tilting (Figure 2b) and after tilting for ±30° (Figures 2c,d, also see 

supporting Figure S1). The packing symmetry apparently changes as the viewing angle changes. 

It is intriguing that the NP packing shows well-ordered packing in CPCs. In our previous work 

using pre-formed PSCs to immobilize NPs, NPs are poorly ordered on the surface of PSCs because 

of the rough PSC surfaces.[29, 34] In the present case, good packing order of the NPs suggests 

that NPs first packed in an ordered fashion at the liquid/liquid interface before polymer 

crystallization, and “small domains of 2D NP assemblies” such as those in the dotted circles in 

Figure 2a likely adhere to the PSC surface together and the original packing order is therefore not 

significantly distorted during the crystallization/immobilization process.  
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Figure 2. NPs on CPCs. (a) TEM bright field image of a CPC comprised of 5 nm NP and PLLA 

PSCs. Circles with different colors highlight different packing symmetries of the NPs. (b-d) show 

TEM bright field images of a CPC with 0, 30, and -30 degrees of tilting, respectively. (e) is a TEM 

image of a CPC comprised of 20 nm NP and PLLA PSCs, and (f) is an enlarged image of (e). In 

(e, f), NPs are closely packed while the packing symmetry is unclear. Scale bars in (a, f) 100 nm 

and in (b-e) 200 nm. 

 

Figure 2e shows the TEM image of CPCs formed by 20 nm NPs and PLLA PSCs. The 

edges of the CPCs are relatively rough and non-spherical. NPs can be clearly seen and Figure 2f 

shows the enlarged image of Figure 2e. The NPs are closely packed. However, unlike in the case 

of 5nm NP CPCs, the packing symmetry of the NPs in Figures 2 is unclear. Considering a particle 
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with a radius r and two liquid phases (phase 1 and 2), the decrease of the total free energy of the 

particles from one phase to the liquid/liquid interface of 1 and 2 can be described as 

 21221

21

2

PP

r
E 




−−= .[24]  The three contributions to the interfacial energy arise from the 

particle/phase 1 interface (P1), the particle/phase 2 interface (P2), and the phase 1/phase 2 

interface (21).  For a given emulsion system (i.e. with fixed P1, P2, and 21), the stability of the 

nanoparticle assembly is determined by the square of the NP radius r. In the present case, the 

emulsion formed by 20 nm NPs, provides a much more stable interface, the morphology shown in 

Figures 2 e,f therefore reflect the NP ordering in the emulsion state. The lesser ordering can be 

attributed to the large particle size. When considering particles crystallization at a spherical 

liquid/liquid interface, the ratio between the NP and emulsion radius, r and R, respectively, is 

important.[51] A small r/R means that the particle does not experience the curvature effect when 

packing at the interface. As r/R increases, the NPs “feel” the curvature of the interface, leading to 

increasingly frustrated NP packing. Furthermore since it is energetically more costly to displace 

larger NPs (20 nm) into liquid phases, NPs are more likely jammed at the interface with less 

ordered packing, which could contribute to the formation of non-spherical polyhedron shapes. 

Furthermore, it also manifests itself in the PSC morphology development. The CPC shells are 

formed by NP-decorated PLLA lamellae, which are anticipated to be stiffer compared with PLLA 

lamellae, leading to the deviation of spherical shapes.   

 

CPC morphology evolution at the liquid/liquid interface  

 To understand how the non-spherical morphologies of CPC polyhedrons are formed, early 

time points were taken for SEM analysis. Figure 3 shows the CPCs formed after 10 min~ 3 hrs of 
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growth. Because of the sporadic nucleation of the crystals, different stages of the crystal growth 

can be observed.  The morphology observed after 10 min of growth show that some of the curved 

crystals are already formed. The crystal is similar to the classical lozenge-shaped, flat 2D PLLA 

lamella, but is curved along the white arrow in Figure 3a. In other cases, half spherical shells can 

be seen (Figure 3b), suggesting that the aspect ratio of the crystals vary. More interestingly, at the 

3-hour time-point, some crystals begin to grow anisotropically: along the long axis of the crystal, 

accelerated growth in this direction led to the formation of a protrusion (green arrow in Figure 3c) 

and the orthogonal growth appears to be slower. There also appears to be a reentry region of the 

crystal (white arrow in Figure 3c), which likely results from the accelerated growth of the 

protrusion.  

 

 

Figure 3. Evolution of CPCs. SEM images of different stages of 5 nm NP CPCs (a-c) and 20 nm 

NP CPCs (d and e). The crystal bends along the short axis (red lines) in (d) and the long axis in 

a

fed

b c

f
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(e). (f) shows TEM image of ellipsoidal CPCs. Inset is the enlarged central domain of the CPC. 

Scale bars in (a, d-f) 1 µm and in (b-c) 500 nm.  

 

This switch in growth habit from relatively isotropic to anisotropic (protrusion in Figure 

3c) on curved surfaces has been observed in particles packed on spherical droplets.[51] Bending 

of a narrower ribbon on a curved surface would be energetically less costly compared with 

deforming a wider ribbon.[51] A similar growth process was also observed in the case of 20 nm 

CPCs. Figure 3d shows an SEM image capturing the “protrusion” of PLLA lamellae similar to 

Figure 3c. The protrusion in Figure 3d is more advanced, and the original (110) plane of PLLA 

PSC disappeared due to the formation and propagation of the protrusion parallel to the [100] axis 

direction. These morphological markers of underlying structural translations come from 

consideration of a 2D lozenge PLLA PSC where the long axis is the a-direction. Interestingly, we 

also occasionally observed ellipsoidal CPCs when 20 nm NPs were utilized as shown in Figures 

3e,f. In this case, PSC bend along the long axis (blue dashed line) of the crystal, leading to an 

oblong shaped capsule. This suggests that the free energy difference (elastic energy of bending) 

along these two axes are similar and both cases were observed. The absence of these ellipsoidal 

CPCs in 5 nm CPCs is likely due to the NP size effect: in the 5 nm NP CPC cases, PSC dominates 

the system since NPs are small, and therefore the bending along the short axis of the crystal 

manifest itself in the morphological development. In the 20 nm CPCs, since the NP size is greater 

than the PSC thickness (~ 10 nm), the NP layer therefore dictate the bending direction, which 

diminishes the difference of the anisotropy of PSC growth.  
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Crystalsome with closed shell with CTAB co-surfactant 

 The above experiments demonstrate that CPCs are formed using colloidal particles as the 

solid surfactants for emulsification. They are, however, not completely closed as shown in Figure 

1. From an application standpoint, it is of interest to seek a closed shell structure. To study this, 

the miniemulsion system was modified to incorporate 0.2 wt.% cetrimonium bromide (CTAB) as 

a co-surfactant.  Figures 4a,b show SEM and TEM images, respectively, of the 5 nm NP CPC 

system (lower magnification SEM images shown in Figure S.2). The CPCs in this case appear 

closed with what seems like NP or NP aggregation on the CPC surface. The previously observed 

facets and polyhedron structure are no longer present. TEM imaging reveals that the NPs are all 

located on one side of the CPCs, leading to a Janus type structure. The inclusion of co-surfactant 

therefore stabilizes the droplet before PLLA crystallization, NPs are also likely enriched on one 

side of the droplet, leading to the observed Janus CPCs. This was absent in the previous CPCs, 

since NPs are necessary to cover the entire surface of the emulsion droplets to stabilize the latter. 
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Figure 4. CPCs formed by using NP and co-surfactant. (a-b) SEM (a) and TEM (b) images of 5 

nm NP CPCs with 0.2 wt% CTAB added to the system. (c-d) SEM (c) and TEM (d) images of 20 

nm NP CPCs with 0.2 wt% CTAB added to the system. Scale bars in (a, c) 500 nm, in (b) 200 nm, 

and in (b inset, d) 40 nm. 

 

 Figures 4c,d show the SEM and TEM images of the 20 nm NP CPCs. In this case the SEM 

image shows that the CPCs are spherical and have a rough surface decorated with many particles 

on the surface matching the size expected for 20 nm NPs. Looking further into the TEM, it is 

observed the NPs are located homogenously around the entire shell surface and the Janus feature 

in the 5nm NP CPCs is not observed, suggesting that phase separation between NPs and CTAB 

b

c d
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didn’t occur in the 20 nm NP emulsion.  Another feature is the difference in electron contrast in 

the middle and sides of the shell. If the high Z number NPs were in the shell at a significant amount, 

then a similar contrast though the entire crystalsome would be observed. Detailed understanding 

of the NP/polymer/co-surfactants phase separation and NP location in the polymer crystallization 

process certainly warrant further investigation. 

 

Conclusion 

 A one-pot fabrication strategy was developed to form co-assemblies of PLLA crystals and 

Fe3O4 NPs in a miniemulsion system named as CPCs. When either 5 nm or 20 nm NPs were used 

as the lone surfactant to produce the emulsion, the resultant CPCs showed a polyhedron shape with 

different degrees of openings. This was attributed to the fact that once NPs are attached to the 

surface of crystals, which are locally flat and globally curved, the smooth curvature driven by 

minimizing the surface free energy is overwhelmed by the local NP and crystal packing. It was 

shown that crystal growth habit is affected by the curvature of the droplet, and sharp protrusions 

of the crystal are formed at the late stage of the CPC formation. Thermal analysis suggested that 

5nm NPs are more intricately bound on the lamellar surface, leading to lower crystallinity, while 

larger 20nm NPs are readily expelled from the lamellae. It was also demonstrated that introducing 

small molar mass co-surfactants led to spherical and closed CPCs. We anticipate that this method 

provides another means to achieve spherical NP assembly with tunable morphologies.   
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