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ABSTRACT: Nanoparticle occlusion within growing crystals is of considerable interest because (i) it 

enhances our understanding of biomineralization and (ii) it offers a straightforward route for the 

preparation of novel nanocomposites. However, robust design rules for efficient occlusion remain 

elusive. Herein, we report the rational synthesis of a series of silica-loaded poly(glycerol 

monomethacrylate)-poly(2-hydroxypropyl methacrylate)-poly(ethylene glycol dimethacrylate)-

poly(methacrylic acid) tetrablock copolymer vesicles using polymerization-induced self-assembly. 

The overall vesicle dimensions remain essentially constant for this series, hence systematic variation 

of the mean degree of polymerization (DP) of the anionic poly(methacrylic acid) steric stabilizer 

chains provides an unprecedented opportunity to investigate the design rules for efficient 

nanoparticle occlusion within host inorganic crystals such as calcite. Indeed, the stabilizer DP plays a 

decisive role in dictating both the extent of occlusion and the calcite crystal morphology: sufficiently 

long stabilizer chains are required to achieve extents of vesicle occlusion of up to 41 vol% but overly 

long stabilizer chains merely lead to significant changes in the crystal morphology, rather than 

promoting further occlusion. Furthermore, steric stabilizer chains comprising anionic carboxylate 

groups lead to superior occlusion performance compared to those composed of phosphate, sulfate 

or sulfonate groups. Moreover, occluded vesicles are subjected to substantial deformation forces, as 

shown by the significant change in shape after their occlusion. It is also demonstrated that such 

ǀĞƐŝĐůĞƐ ĐĂŶ ĂĐƚ ĂƐ ͚TƌŽũĂŶ HŽƌƐĞƐ͕͛ ĞŶĂďůŝŶŐ ƚŚĞ ŽĐĐůƵƐŝŽŶ ŽĨ ŶŽŶ-functional silica nanoparticles 

within calcite. In summary, this study provides important new physical insights regarding the 

efficient incorporation of guest nanoparticles within host inorganic crystals. 

  



INTRODUCTION 

Biominerals are composed of organic molecules and mineral hosts and can exhibit unique structures 

and remarkable mechanical properties.1-8 Taking inspiration from this biogenic strategy, the 

occlusion of nanoparticle additives within inorganic crystal hosts has recently gained increasing 

attention.9-15 Not only do such synthetic routes provide a straightforward approach to the rational 

design of new hybrid materials with enhanced physical properties such as hardness, magnetism, 

color or strong fluorescence,16-20 but they can also inform our understanding of biomineralization 

processes.21-24 There is no doubt that the nanoparticle surface chemistry dictates their occlusion.25-27 

However, the precise design rules required for efficient nanoparticle occlusion within inorganic 

crystals have not yet been elucidated. Appropriate surface functionality and optimal stabilizer 

surface density appear to be important parameters for optimizing the extent of nanoparticle 

occlusion.28-29 However, progress in this area typically relies on empirical trial-and-error experiments. 

In this context, one important problem is the relative difficulty in synthesizing model nanoparticles 

that allow systematic variation of just one parameter (e.g. particle size, stabilizer surface density, 

stabilizer chain length, surface functionality, etc.). Conversely, if two or more parameters are varied 

simultaneously, it is almost impossible to reliably determine which parameter plays the more 

decisive role in determining the extent of nanoparticle occlusion. 

There is considerable literature on block copolymer vesicles, not least because such vehicles can be 

used to encapsulate various cargoes by traditional post-polymerization processing techniques.30-38 

Polymerization-induced self-assembly (PISA) offers a particularly facile route to prepare block 

copolymer vesicles in a wide range of solvents at relatively high copolymer concentration.39-47 

Interestingly, this technique enables guest species (e.g. silica nanoparticles or enzymes) to be 

encapsulated in situ within the vesicle lumen during the block copolymer synthesis.48-53 Recently, the 

synthesis of ABC triblock copolymer vesicles from AB diblock copolymer precursor vesicles has been 

reported.54-58 For example, we have recently reported that framboidal/pH-responsive triblock 

copolymer vesicles can be prepared by growing  

either poly(benzyl methacrylate) or poly(2-(diisopropylamino)ethyl methacrylate) as a third 

hydrophobic block.54-55 Similarly, Yuan et al. investigated the effect of growing a hydrophobic block 

on the morphological evolution of diblock copolymer vesicles.56-57 Of particular relevance to the 

present study, An et al. recently reported growth of a polyelectrolytic hydrophilic third block from 

cross-ůŝŶŬĞĚ ĚŝďůŽĐŬ ĐŽƉŽůǇŵĞƌ ͚ƐĞĞĚ͛ ǀĞƐŝĐůĞƐ͘58 In principle, this approach enables the surface 

chemistry and electrophoretic behavior of such nano-objects to be readily tuned. 

Inspired by this latter study, herein we design novel poly(glycerol monomethacrylate)54-poly(2-

hydroxypropyl methacrylate)350-poly(ethylene glycol dimethacrylate)25-poly(methacrylic acid)x 

tetrablock copolymer vesicles, within which silica nanoparticles can be readily encapsulated during 

their PISA synthesis via reversible addition-fragmentation chain transfer (RAFT) polymerization (see 

Scheme 1). These vesicles contain two types of stabilizer chains: non-ionic poly(glycerol 

monomethacrylate) and anionic poly(methacrylic acid) with the former block having a fixed degree 

of polymerization (DP) and the latter having a variable DP. The membrane-forming hydrophobic 

block comprises 2-hydroxypropyl methacrylate statistically copolymerized with a small amount of a 

dye label (fluorescein O-methacrylate). This block is then covalently cross-linked by the subsequent 

addition of ethylene glycol dimethacrylate to fix the dimensions of the precursor vesicles from which 



a series of anionic stabilizer blocks of varying DP can be grown without disrupting the original 

vesicular morphology. For the sake of brevity, such tetrablock copolymers are denoted as G54-H350-

E25-MAAx, where G, H, E and MAA represent poly(glycerol monomethacrylate), poly(2-hydroxypropyl 

methacrylate), poly(ethylene glycol dimethacrylate) and poly(methacrylic acid), respectively. The 

numerical subscripts indicate the fixed mean DP, while x represents the variable DP of the 

poly(methacrylic acid) block. In addition, the final poly(methacrylic acid) block can be readily 

replaced with poly(2-(phosphonooxy)ethyl methacrylate), poly(ammonium 2-sulfatoethyl 

methacrylate), poly(potassium 3-sulfopropyl methacrylate) or poly(sodium 4-styrenesulfonate), 

which are denoted as PEM, SEM, SPM and SS, respectively (see Scheme 1). Such model anionic 

vesicles offer an unprecedented opportunity to establish robust design rules for efficient 

nanoparticle occlusion within inorganic crystals by examining (i) the effect of systematically varying 

the DP and also (ii) the chemical nature of the anionic stabilizer in such experiments. 

RESULTS AND DISCUSSION 

Synthesis and Characterization of Silica-loaded G54-H350-E25-MAAx Vesicles. A non-ionic poly(glycerol 

monomethacrylate) macromolecular chain transfer agent (G macro-CTA) with a mean DP of 54 was 

synthesized in ethanol by using 4,4'-azobis(4-cyanovaleric acid) (ACVA) and (4-cyano-4-

(phenylcarbonothioylthio)pentanoic acid) (CPCP) as initiator and RAFT chain transfer agent, 

respectively (see Scheme 1). Gel permeation chromatography (GPC) analysis of this macro-CTA 

indicated a number-average molecular weight (Mn) of 13,400 g mol-1, with an Mw/Mn of 1.17 (see 

Figure S1). Moreover, this macro-CTA has a high blocking efficiency with minimal macro-CTA 

contamination, as indicated by comparison with the GPC curve obtained for a G54-H350 diblock 

copolymer (see Figure S1). Subsequently, this macro-CTA was chain-extended via the statistical 

copolymerization of 2-hydroxypropyl methacrylate with fluorescein O-methacrylate (0.25 mol%) in 

the presence of silica nanoparticles (see Scheme 1). This PISA formulation leads to the formation of a 

concentrated aqueous dispersion of block copolymer vesicles: the silica nanoparticles are 

encapsulated in situ within the vesicle lumen while the fluorescent comonomer is co-located within 

the hydrophobic membrane-forming poly(2-hydroxypropyl methacrylate) (H350) block. 

Approximately 99 % monomer conversion was achieved after 2.5 h at 70 °C as determined by 1H 

NMR spectroscopy. Thereafter, ethylene glycol dimethacrylate was added to covalently cross-link 

the vesicle membrane (see Scheme 1). This second-stage polymerization was quenched after 4 h at 

70 °C and excess, non-encapsulated silica nanoparticles were removed via six centrifugation-

redispersion cycles (5,000 rpm, 30 min). Cross-linking the G54-H350 vesicles ensures that the vesicular 

morphology is retained and also fixes the vesicle dimensions. Such covalent stabilization is essential, 

because linear G54-H350 vesicles become unstable when chain-extended using methacrylic acid (see 

Figures S2a and S2b): introducing the hydrophilic poly(methacrylic acid) block significantly perturbs 

the fractional packing parameter of the block copolymer chains, resulting in gradual loss of the 

vesicle morphology.59 Moreover, a certain minimum degree of cross-linking is required to confer 

effective covalent stabilization. Thus, using 15 ethylene glycol dimethacrylate units per copolymer 

chain proved to be insufficient to stabilize G54-H350-E15-MAA150 vesicles (see Figure S3), whereas 

cross-linked G54-H350-E25 vesicles remained intact when chain-extended with 150 units of methacrylic 

acid (see Figures S2c and S2d).  

Scanning electron microscopy (SEM) analysis (see Figure 1) confirmed a well-defined vesicular 

morphology for the silica-loaded G54-H350-E25 triblock copolymer, suggesting that the presence of 



silica nanoparticles did not disrupt the PISA process. However, the presence of silica nanoparticles 

leads to a significant increase in the mean hydrodynamic vesicle diameter from 210 ± 63 nm to 374 ± 

95 nm, as indicated by dynamic light scattering (DLS), see Figure 2a and Figure S4. Owing to the 

difference in electron density, TEM analysis enables clear visualization of the encapsulated silica 

nanoparticles within the vesicle lumen, with closer inspection suggesting a mean membrane 

thickness of 36 ± 5 nm (see inset in Figure 1). This value is consistent with that calculated from cryo-

TEM images (see Figure S5a). Bearing in mind the refractory nature of silica, thermogravimetric 

analysis (TGA, see Figure S6) indicated a silica content of 17.1% w/w, with the corresponding silica 

encapsulation efficiency estimated to be 9.9% (see Supporting Information). 

These silica-loaded cross-linked vesicles were further chain-extended using methacrylic acid, 

targeting various DPs (e.g., 25, 50, 100, 150, 200 or 300; see Scheme 1). In each case, more than 99% 

monomer conversion was confirmed by 1H NMR spectroscopy. Unfortunately, GPC studies cannot be 

performed because these vesicles are covalently cross-linked. Instead, the aqueous supernatants 

obtained after centrifugation of these aqueous vesicle dispersions were analysed using aqueous 

GPC. This technique confirmed that the amount of free poly(methacylic acid) is negligible, suggesting 

that almost all of the methacrylic acid monomer is polymerized from the RAFT end-groups within the 

precursor G54-H350-E25 vesicles, rather than via conventional free radical polymerization in solution 

(Figure S7). DLS studies indicated that increasing the poly(methacrylic acid) DP led to a systematic 

increase in hydrodynamic diameter from 374 ± 95 nm for the silica-loaded G54-H350-E25 precursor 

vesicles up to 412 ± 108 nm for silica-loaded G54-H350-E25-MAA300 vesicles (see Figure 2a). This is 

because the poly(methacrylic acid) stabilizer chains lead to a thicker coronal layer that contributes to 

the overall hydrodynamic diameter.27, 29 Interestingly, the mean membrane thickness for the silica-

loaded G54-H350-E25-MAA300 vesicles is slightly greater than that for the silica-loaded G54-H350-E25 

vesicles (37 nm vs. 40 nm, see cryo-TEM images in Figure S5). Presumably, the presence of the highly 

anionic poly(methacrylic acid) block leads to additional solvation of the vesicle membrane. Such a 

minor difference is not easily discernible using conventional TEM owing to dehydration effects 

during sample preparation (see Figure S8). Silica-loaded G54-H350-E25 vesicles exhibited a zeta 

potential of around -30 mV at pH 9, which is attributed to the carboxylic acid end-group located on 

the G54 stabilizer block.60 As expected, introducing poly(methacrylic acid) chains resulted in a marked 

change in anionic character (zeta potential ~ -50 mV) under the same conditions. Importantly, a zeta 

potential of approximately -18 mV was observed in the presence of 1.5 mM Ca2+ ions (see Figure 2b), 

which corresponds to the conditions used for occlusion experiments (see later). This suggests that 

Ca2+ ions bind to the anionic poly(methacrylic acid) chains.21 Covalent stabilization of the G54-H350-E25 

precursor vesicles ensured that no change in the vesicle dimensions could occur when growing the 

poly(methacrylic acid) chains, other than the incremental increase in the stabilizer layer thickness 

noted above. Indeed, SEM analysis confirms this to be the case (see Figure S8). It is worth 

emphasizing that this approach overcomes an intrinsic limitation associated with PISA formulations: 

a relatively short stabilizer block is normally required in order to target the vesicle phase space, 

because relatively long stabilizer blocks invariably lead to the formation of kinetically-trapped 

spheres.61  

In contrast, the strategy used herein enables the convenient preparation of vesicles with relatively 

long stabilizer chains. Moreover, it allows the incorporation of polyelectrolytic stabilizer blocks, 

which usually prevent vesicle formation in aqueous media because of strong inter-chain repulsion 

within the stabilizer corona. The latter point is critical for the present study, because anionic 



stabilizer blocks are essential for efficient occlusion within calcite. It is also noteworthy that 

systematic variation of the stabilizer DP is not expected to affect the stabilizer surface density of the 

vesicles, whereas this is not true for conventional PISA syntheses. This is important, because this 

parameter is known to affect the extent of occlusion of sulfate-based block copolymer nano-

objects.29 So-ĐĂůůĞĚ ͚ŐƌĂĨƚŝŶŐ ĨƌŽŵ͛ ĂŶĚ ͚ŐƌĂĨƚŝŶŐ ƚŽ͛ ƐƚƌĂƚĞŐŝĞƐ ŚĂǀĞ ďĞĞŶ ǁŝĚĞůǇ used to prepare 

sterically-stabilized inorganic nanoparticles, which could in principle also act as model anionic 

nanoparticles for occlusion studies.62-63 HŽǁĞǀĞƌ͕ ƚŚĞ ͚ŐƌĂĨƚŝŶŐ ĨƌŽŵ͛ method is relatively complex 

and time-ĐŽŶƐƵŵŝŶŐ͕ ǁŚŝůĞ ƚŚĞ ͚ŐƌĂĨƚŝŶŐ ƚŽ͛ ƐƚƌĂƚĞŐǇ ŝŶĞǀŝƚĂďůǇ ůĞĂĚƐ ƚŽ Ă ƌĞĚƵĐƚŝŽŶ ŝŶ ƐƵƌĨĂĐĞ ĐŚĂŝŶ 
density when utilizing longer polyelectrolytic chains.64-65 

Occlusion of Silica-Loaded G54-H350-E25-MAAx Vesicles within Calcium Carbonate Crystals. Calcium 

carbonate (CaCO3) crystals were precipitated at around pH 9 by exposing an aqueous solution 

containing 1.50 mM Ca2+ and 7.77 µM silica-loaded G54-H350-E25-MAAx vesicles to ammonium 

carbonate vapor at 20 °C for 24 h.66-67 This fixed molar concentration means that the vesicle number 

concentration is constant, regardless of the poly(methacrylic acid) DP. Characteristic rhombohedral 

crystals were obtained in the absence of any vesicles (see Figure S9). Figure 3 shows schematic 

cartoons depicting a series of silica-loaded G54-H350-E25-MAAx vesicles (see first column) along with 

optical microscopy (OM) and SEM images obtained for CaCO3 crystals grown in the presence of such 

vesicles. Interestingly, a significant reduction in transparency (as judged by OM imaging) is observed 

for crystals precipitated in the presence of G54-H350-E25-MAAx vesicles when increasing x from 0 to 50 

(Figures 3a~3c). Moreover, the crystals became completely opaque when precipitated in the 

presence of G54-H350-E25-MAAx ǀĞƐŝĐůĞƐ ĨŽƌ ǁŚŝĐŚ ǆ ш ϭϬϬ ;ƐĞĞ Figures 3d~3g). Meanwhile, the crystal 

morphology was also affected on changing the poly(methacrylic acid) chain length. SEM studies 

demonstrate that the crystal morphology evolves from perfect rhombohedra (Figures 3h~3i), to 

rhombohedra with truncated edges and rough faces (Figures 3j~3l), to particles capped at the apex 

with three adjacent (104) faces (Figures 3m~3n). These changes reflect the differing interactions of 

the vesicles with the acute and obtuse steps on the exposed {104} faces.68 According to these 

observations, longer poly(methacrylic acid) block chain lengths clearly have a profound influence on 

modifying the crystal surface morphology. This is reasonable since longer poly(methacrylic acid) 

chains are more flexible in molecular conformation and have more carboxylic acid units, which both 

facilitate interactions between the polymer chains and the step edges/kink sites of the growing 

crystal, inducing morphological changes.69 Nevertheless, Raman spectroscopy studies confirm that 

the polymorph for each of these crystals is calcite, with characteristic bands being observed at 1088 

cm-1 (v1), 712 cm-1 (v4), 281 cm-1 and 154 cm-1 (lattice modes) (see Figure S10).70 

Direct evidence for successful vesicle occlusion within calcite crystals was obtained by visualizing 

cross-sections of randomly-fractured crystals (Figures 3o-3u), which were obtained by lightly 

pressing and twisting a flat glass slide placed on top of the crystals. For crystals precipitated in the 

presence of the silica-loaded G54-H350-E25 vesicles, no occlusion was observed (see Figure 3o). This 

important control experiment demonstrates that the non-ionic poly(glycerol monomethacrylate) 

stabilizer chains do not promote vesicle occlusion. Relatively few voids and vesicles were detected 

for calcite crystals prepared in the presence of silica-loaded G54-H350-E25-MAA25 vesicles (Figure 3p). A 

higher density of voids and vesicles was observed when using silica-loaded G54-H350-E25-MAA50 

vesicles (Figure 3q). For silica-loaded G54-H350-E25-MAAx vesicles where x ш ϭϬϬ͕ ŶƵŵĞƌŽƵƐ ƵŶŝĨŽƌŵ 
voids were observed (Figures 3r-3u). The voids are attributed to vesicle break-up during the crystal 

fracture process. For a relatively short poly(methacrylic acid) block (x = 25), vesicle occlusion within 



the CaCO3 crystals is relatively rare. This is because these anionic stabilizer chains are too short to 

extend beyond the corona layer of non-ionic poly(glycerol monomethacrylate) chains, so the vesicles 

cannot effectively bind to the growing crystal surface. In contrast, for longer poly(methacrylic acid) 

ďůŽĐŬƐ ;ǆ ш ϭϬϬ͖ ƐĞĞ Figures 3r-3u) the void density is high and individual voids are invariably isolated 

from their neighbours, which suggests that the extent of vesicle occlusion is higher and vesicles 

remain colloidally stable throughout the occlusion process. The initial [-COOH]/[Ca2+] molar ratios for 

G54-H350-E25-MAA25 and G54-H350-E25-MAA300 are 0.13 and 1.55, respectively. Thus, for a fixed initial 

Ca2+ concentration, vesicles with longer poly(methacrylic acid) blocks can bind more Ca2+ ions per 

stabilizer chain. Moreover, such stabilizer chains possess higher conformational entropy; this 

enables them to adopt more favourable conformations to interact with the growing crystal surface, 

which is a prerequisite for vesicle occlusion. Additional SEM images of these vesicle/calcite 

nanocomposites are shown in Figures S11-S17. Comparing the OM images (Figures 3a-3g) with the 

corresponding SEM images (Figures 3o-3u), it is clear that the change in transparency of crystals is 

closely correlated to the extent of vesicle occlusion (i.e. higher vesicle occlusion leads to more 

opaque crystals). This is attributed to the significant difference in refractive index between the guest 

vesicles and the inorganic host matrix, which leads to light scattering rather than transmittance.71 

Evaluation of the Chemical Nature of the Anionic Stabilizer Chains. It is clear that surface chemistry 

dictates the extent of nanoparticle occlusion.21, 25-26 However, as far as we are aware, there are no 

systematic studies of the effect of varying the surface functionality in the context of nanoparticle 

occlusion within calcite. Thus, we extended our study to include a range of alternative anionic 

stabilizer blocks. In principle, a series of surface-functionalized vesicles can be readily prepared by 

simply chain-extending silica-loaded G54-H350-E25 precursor vesicles with various alternative anionic 

monomers, as shown in Scheme 1 and Figure 4. Aqueous electrophoresis studies indicate that all 

five types of silica-loaded anionic vesicles possess highly negative zeta potentials in the absence of 

calcium ions between pH 5 and pH 9 (see Figure S18). DLS analyses indicated that chain extension of 

silica-loaded G54-H350-E25 vesicles using any one of these four monomers leads to an increase in 

hydrodynamic diameter (Figure S19a) when targeting a DP of 300. Again, zeta potentials of 

approximately -20 mV for the resulting anionic vesicles in the presence of 1.50 mM [Ca2+] were 

observed (see Figure S19b). In each case, growth of the polyelectrolytic stabilizer block does not 

affect the original vesicle morphology (see Figure S20). CaCO3 crystals prepared in the presence of 

such anionic vesicles always maintained their characteristic rhombohedral morphology, as judged by 

both optical microscopy and SEM studies (see Figures 4a-h). However, the former technique 

indicated that only those crystals precipitated in the presence of silica-loaded G54-H350-E25-PEM300 

vesicles were opaque (Figure 4a) while the rest remained transparent (see Figures 4b-4d), 

suggesting little or no vesicle occlusion. Raman spectroscopy studies confirmed the formation of 

calcite for each of these experiments (see Figure S21). Examination of cross-sections of individual 

crystals confirmed that only the silica-loaded G54-H350-E25-PEM300 vesicles were densely occluded. For 

the other three types of anionic stabilizers, only minimal vesicle occlusion was observed (see Figures 

4j-4l). Further SEM images are provided in the Supporting Information (Figures S22-S25). 

Extent of Vesicle Occlusion. The extent of vesicle occlusion was determined by thermogravimetric 

analysis (TGA, see Figure S26). Regardless of their chemical composition, empty vesicles were fully 

pyrolyzed on heating to 500 °C, while silica-loaded vesicles yielded incombustible residues owing to 

their inorganic cargo. In control experiments, pure calcite crystals decomposed to form CaO and CO2 

at around 800 °C. Silica-loaded vesicle-occluded calcite crystals began to decompose at around 



300 °C owing to degradation of their copolymer component. In this case, the resulting incombustible 

residues were assumed to be CaO and silica. Thus, a lower residue indicated a higher extent of 

vesicle occlusion. Calculation of the extents of vesicle occlusion determined from these TGA data is 

provided in the Supporting Information. As shown in Figure 5a, the extent of G54-H350-E25-MAAx 

vesicle occlusion by mass increased monotonically, with a maximum extent of occlusion of 

approximately 7.8% being obtained for G54-H350-E25-MAA150 vesicles. This indicates that longer 

stabilizer chains promote greater nanoparticle occlusion. Given that the densities of calcite and the 

vesicles are 2.71 and 1.26 g cm-3 respectively, this corresponds to ~41% by volume (see Supporting 

Information for calculation details). 

According to the literature, extents of organic nanoparticle occlusion within calcite are invariably less 

than 30% by volume, most likely owing to insufficiently long anionic stabilizer blocks (DP < 73).21, 25, 29 

It is perhaps noteworthy that this is the first study to demonstrate that nanoparticles with a mean 

diameter of up to approximately 400 nm can be uniformly occluded within calcite.12, 26 In principle, a 

longer poly(methacrylic acid) stabilizer DP should enable stronger vesicle binding to the growing 

crystal surface and hence lead to higher extents of vesicle occlusion. However, no further increase in 

the extent of occlusion was obtained for either G54-H350-E25-MAA200 or G54-H350-E25-MAA300 vesicles 

(see Figure 5a). This could be the result of mutual electrostatic repulsion between neighboring 

anionic vesicles preventing their close approach during occlusion. However, using longer 

poly(methacrylic acid) stabilizer blocks can significantly alter the crystal morphology (Figures 3m and 

3n). 

The extent of G54-H350-E25-PEM300 vesicle occlusion within calcite is 5.2% by mass (or 31% by volume, 

see Figure 5b). Poly(ammonium 2-sulfatoethyl methacrylate), poly(potassium 3-sulfopropyl 

methacrylate) and poly(sodium 4-styrenesulfonate) are highly anionic polyelectrolytes, which might 

be expected to exhibit similarly efficient occlusion. However, only relatively low levels of occlusion 

are observed for these three types of vesicles (see Figures 4j-4l). At first sight, this is rather 

surprising because both sulfate-functionalized diblock copolymer spheres and sulfonate-

functionalized Fe3O4 nanoparticles have been previously incorporated within calcite.29, 72 There are 

three likely reasons for the minimal occlusion levels observed in the present work. Firstly, the 

surface stabilizer density may not be optimal: we have recently shown that relatively low stabilizer 

densities lead to higher extents of occlusion for sulfate-functionalized diblock copolymer spheres.29 

Secondly, solubility product data for the corresponding calcium salts suggest that the Ca2+ binding 

affinity for carboxylic acids and phosphates should be stronger than that of sulfates and sulfonates.73 

Thus the former two functional groups bind more strongly to Ca2+, which in turn facilitates vesicle 

occlusion within the calcite crystals via Ca2+ bridging between anionic carboxylate groups and anionic 

sites on the surface of the growing crystal. In addition, both the sulfate-functionalized spheres and 

sulfonate-functionalized nanoparticles used earlier were much smaller (~20 nm diameter)29, 72 

compared to the anionic vesicles of ~400 nm diameter examined in the present work.  

Nonetheless, based on the above observations, silica-loaded G54-H350-E25-MAAx vesicles can be 

ĚĞŶƐĞůǇ ŽĐĐůƵĚĞĚ ǁŝƚŚŝŶ ĐĂůĐŝƚĞ ŝĨ ǆ ш ϭϬϬ͕ ƐƵŐŐĞƐƚŝŶŐ ƚŚĂƚ Ă ƐƵĨĨŝĐŝĞŶƚůǇ ůŽŶŐ ĂŶŝŽŶŝĐ ƐƚĂďŝůŝǌĞƌ ďůŽĐŬ ŝƐ 
required to ensure efficient nanoparticle occlusion. Under otherwise identical conditions, anionic 

carboxylate functionality leads to greater nanoparticle occlusion compared to phosphate, sulfate or 

sulfonate groups. This suggests stronger Ca2+ ion binding by this relatively weak polyacid block, 



which facilitates more effective interaction between such vesicles and the surface of the growing 

calcite crystals, leading in turn to more efficient occlusion.  

Vesicle Deformation During Occlusion. Comparison of SEM images obtained for cross-sectioned 

calcite crystals prepared in the presence of various anionic vesicles reveals some interesting 

differences (see Figure 6). In the case of silica-loaded G54-H350-E25-MAA50, compressed vesicles (see 

red arrows) and voids with irregular edges (see blue arrows) are observed (Figure 6a), indicating that 

significant deformation occurs during occlusion. However, only non-spherical voids are observed for 

G54-H350-E25-MAAx ǀĞƐŝĐůĞƐ ǁŚĞŶ ǆ ш ϭϬϬ͕ ;ƐĞĞ Figures 3r-3u, Figure 6b). This suggests that the former 

vesicles are subjected to strong compressive forces during occlusion. Recently, Cho et al. used in situ 

atomic force microscopy to demonstrate that anionic diblock copolymer micelles also experience 

some degree of deformation during occlusion within calcite.22 The much bigger anionic vesicles used 

herein appear to be significantly more deformable than such micelles. The change in morphology 

observed for the occluded vesicles in the present study is likely to be related to their differing 

interactions with the growing crystal surface. For silica-loaded G54-H350-E25-MAA50 vesicles, their 

anionic stabilizer blocks ensure vesicle occlusion but these chains interact only weakly with the host 

crystal. Following vesicle binding onto the growing crystal surface, the passing steps compress the 

adsorbed vesicles, leading to their significant deformation.22 Because these relatively short stabilizer 

chains do not strongly interact with the CaCO3 lattice, some of the occluded vesicles become 

detached from the fresh surface that is exposed during random fracture of the crystals (see red 

arrows in Figure 6a). In contrast, silica-loaded G54-H350-E25-MAAx ǀĞƐŝĐůĞƐ ĨŽƌ ǁŚŝĐŚ ǆ ш ϭϬϬ ĐĂŶ ďŝŶĚ 
strongly at step edges and the relatively long anionic poly(methacrylic acid) stabilizer chains become 

engulfed by the subsequent propagating steps. This intimate interaction between the stabilizer 

chains and the growing crystal lattice minimizes vesicle deformation by offsetting the compression 

exerted by the growing steps during occlusion.22 Therefore, such vesicles merely adopt an ellipsoidal 

morphology and are invariably cleaved during random fracture of the crystals. This explains why only 

voids were observed for the cross-section of the crystal, rather than highly deformed vesicles (see 

Figure 6b). 

Examination of a cross-section parallel to the (104) face of calcite crystal containing silica-loaded G54-

H350-E25-MAA100 vesicles indicates that these voids are distinctly ellipsoidal, rather than spherical (see 

Figure 6c). Surprisingly, no discernible vesicle membrane was observed, suggesting that the growing 

calcite penetrates well within the vesicles. This observation is consistent with the above hypothesis 

that the stabilizer chains become entrapped within the crystal lattice. In striking contrast, vesicle 

membranes could be observed by SEM after occlusion of poly(methacrylic acid)-poly(benzyl 

methacrylate) vesicles within calcite.26 This difference can be explained in terms of the differing 

hydrophobic character of the two membrane-forming blocks: poly(2-hydroxypropyl methacrylate) is 

substantially hydrated74 and hence only weakly hydrophobic, which facilitates crystal growth well 

within the vesicle membrane. However, poly(benzyl methacrylate) is strongly hydrophobic, which 

minimizes crystal growth within such vesicle membranes.  

Silica nanoparticles were discernible within the voids, as shown in the inset image for Figure 6c. In 

control experiments, silica nanoparticles alone are only very rarely occluded within calcite crystals 

(see Figure S27). This is as expected because only nanoparticles with appropriate surface chemistry 

can be efficiently occluded within inorganic crystals.11, 25, 27, 29 Thus, efficient incorporation of these 

new anionic guest vesicles into growing inorganic host crystals in principle provides a generic route 



to prepare nanocomposite crystals with a wide range of chemical compositions. In this sense, these 

ǀĞƐŝĐůĞƐ ĂĐƚ ĂƐ Ă ͚TƌŽũĂŶ HŽƌƐĞ͛ ƚŽ ĞŶĂďůĞ ĞĨĨŝĐŝĞŶƚ ŽĐĐůƵƐŝŽŶ ŽĨ ŶĂŶŽƉĂƌƚŝĐůĞƐ ǁŝƚŚŝŶ ĐĂůĐŝƚĞ͕ 
regardless of their surface chemistry. Given that these vesicles are readily prepared in concentrated 

aqueous solution, therefore, the present study provides an important complementary example to 

that of cargo-loaded poly(methacrylic acid)-poly(benzyl methacrylate) vesicles prepared in alcoholic 

media.71 Finally, the efficient occlusion of fluorescein dye-labeled vesicles offers a facile new route to 

the preparation of highly fluorescent calcite crystals (see Figure 6d). 

CONCLUSIONS 

In summary, polymerization-induced self-assembly has been used for the rational design of a series 

of silica-loaded tetrablock copolymer vesicles with fixed dimensions (i.e. a constant lumen volume) 

and a variable mean degree of polymerization for the anionic stabilizer block. Such model vesicles 

offer an unprecedented opportunity to systematically investigate the effect of varying this 

parameter on the extent of occlusion of anionic organic nanoparticles within calcite. Indeed, the 

extent of occlusion is dictated by the DP of the anionic stabilizer block: there is an optimal chain 

length that ensures efficient occlusion while avoiding any significant change in the crystal 

morphology. Perhaps surprisingly, vesicles decorated with anionic carboxylate groups are occluded 

more efficiently within calcite compared to those exhibiting surface phosphate, sulfate or sulfonate 

groups. The significant morphological deformation observed for the occluded vesicles suggests that 

they experience significant compressive forces as they are engulfed by the growing calcite. Finally, 

ƐƵĐŚ ĂŶŝŽŶŝĐ ǀĞƐŝĐůĞƐ ĐĂŶ ĂĐƚ ĂƐ ͚TƌŽũĂŶ HŽƌƐĞƐ͛ ƚŚĂƚ ĞŶĂďůĞ ǁĂƚĞƌ-borne non-functionalized 

nanoparticles to be delivered within host inorganic crystals. This study provides important new 

insights regarding the design rules that govern the efficient occlusion of organic nanoparticles within 

inorganic crystals. 

ASSOCIATED CONTENT  

Supporting Information. Experimental details and characterization methods, GPC data, DLS size 

distributions, aqueous electrophoresis data, Raman spectra, TGA curves, additional SEM, TEM and 

cryo-TEM images. This material is available free of charge via the Internet at http://pubs.acs.org.  

AUTHOR INFORMATION 

Corresponding Author 

*Y.Ning@sheffield.ac.uk (Y.N.) 

*s.p.armes@sheffield.ac.uk (S.P.A.) 

ORCID 

Yin Ning: 0000-0003-1808-3513 

Steven P. Armes: 0000-0002-8289-6351 

 

Notes 

The authors declare no competing financial interest. 



ACKNOWLEDGMENT  

EPSRC (EP/P005241/1) is thanked for post-doctoral support for Y.N., the Leverhulme Trust (RPG-

2016-330) is thanked for post-doctoral support for M.J.D. and S.P.A. acknowledges a five-year ERC 

Advanced Investigator grant (PISA 320372) and an EPSRC Established Career Particle Technology 

Fellowship (EP/R003009/1). Dr. Svetomir B. Tzokov is thanked for his kind assistance with the cryo-

TEM studies. 

  



Scheme 1. Synthesis of silica-loaded, fluorescein-labeled poly(glycerol monomethacrylate)54-poly(2-

hydroxypropyl methacrylate)350-poly(ethylene glycol dimethacrylate)25-poly(methacrylic acid)x (G54-

H350-E25-MAAx) vesicles: (i) synthesis of G54 macro-CTA via RAFT solution polymerization of glycerol 

monomethacrylate in ethanol; (ii) in situ encapsulation of silica nanoparticles during the statistical 

copolymerization of 2-hydroxypropyl methacrylate with 0.25 mol% fluorescein O-methacrylate to 

form G54-H350 vesicles at 10% w/w solids via polymerization-induced self-assembly (PISA) in the 

presence of a 25% w/w aqueous dispersion of an 18 nm commercial silica sol; (iii) covalent cross-

linking of linear G54-H350 vesicles using ethylene glycol dimethacrylate; (iv) chain extension of cross-

linked silica-loaded G54-H350-E25 vesicles using varying amounts of methacrylic acid (where x is the 

target degree of polymerization of the poly(methacrylic acid) block). Schematic cartoons depict the 

corresponding colloidal species that are present at each stage. Alternatively, methacrylic acid can be 

(   ) (   )(   )

Fluorescein-labeled silica-loaded G54-H350-E25-MAAx vesicles 
(x = 0, 25, 50, 100, 150, 200 or 300)



replaced with one of four other anionic monomers (see dotted rectangle) to produce vesicles with 

surface phosphate, sulfate, aliphatic sulfonate or aromatic sulfonate groups. 

 

 

Figure 1. Scanning electron microscopy (SEM) image of silica-loaded G54-H350-E25 vesicles. Inset 

shows a representative transmission electron microscopy (TEM) image of a single silica-loaded G54-

H350-E25 vesicle with a vesicle membrane thickness of 36 nm. The encapsulated 18 nm diameter silica 

nanoparticles are clearly discernible within the vesicle lumen. 

  



 

 

Figure 2. Dynamic light scattering (DLS) and aqueous electrophoresis data obtained for 0.1%׽ w/w 

aqueous dispersions of various vesicles: (a) z-average hydrodynamic diameter obtained in the 

presence of 1.5 mM [Ca2+]. The red open square indicates the z-average hydrodynamic diameter for 

G54-H350-E25 vesicles prepared in the absence of any silica nanoparticles; (b) zeta potential vs. 

poly(methacrylic acid) block DPs (where x = 0, 25, 50, 100, 150, 200 or 300) measured in the 

presence (black squares) or absence (red spheres) of 1.5 mM [Ca2+] at pH 9. The error bars in each 

Figure indicate standard deviations, rather than the experimental error. 



 

Figure 3. Effects of varying the target DP for the poly(methacrylic acid) stabilizer chains on the CaCO3 

crystal morphology and extent of vesicle occlusion. Schematic cartoons (see first column) 

representing a series of G54-H350-E25-MAAx vesicles with varying poly(methacrylic acid) block DPs (x = 

0, 25, 50, 100, 150, 200 or 300); (a)-(g) representative optical microscopy (OM) images of CaCO3 

crystals precipitated in the presence of G54-H350-E25-MAAx vesicles; (h)-(n) representative SEM images 



of the corresponding intact CaCO3 crystals; (o)-(u) representative SEM images indicating the internal 

structure of randomly-fractured CaCO3 crystals precipitated in the presence of corresponding G54-

H350-E25-MAAx vesicles. [N.B. In all experiments, CaCO3 crystals were precipitated in the presence of 

1.50 mM CaCl2 and 7.77 µM vesicles.] 

 

Figure 4. Effect of varying the vesicle surface chemistry on the CaCO3 crystal morphology and extent 

of occlusion. Chemical structures for the anionic stabilizer block are shown in the first column: 

poly(2-(phosphonooxy)ethyl methacrylate) (PEM), poly(ammonium 2-sulfatoethyl methacrylate) 

(SEM), poly(potassium 3-sulfopropyl methacrylate) (SPM), and poly(sodium 4-styrenesulfonate) (SS). 

(a)-(d) Representative OM images obtained for calcite crystals precipitated in the presence of each 

type of anionic vesicles; (e)-(h) representative SEM images of the corresponding intact calcite 

crystals; (i)-(l) representative SEM images showing the internal structure of the same randomly-

fractured calcite crystals. In all experiments, calcite crystals were precipitated in the presence of 1.50 

mM CaCl2 and 7.77 µM vesicles. 



 

Figure 5. Extent of vesicle occlusion within calcite as a function of either (a) poly(methacrylic acid) 

block DP or (b) for four alternative anionic stabilizer blocks targeting a fixed DP of 300 (see x axis 

labels for actual DPs). The extent of vesicle occlusion by % mass (black squares) and by % volume 

(blue diamonds) was calculated from the TGA data. N.B. Open blue diamonds indicate that these % 

volume data were calculated by assuming that the overall vesicle dimensions remained unchanged 

after occlusion.  



 

Figure 6.  SEM images recorded for cross-sections of calcite crystals prepared in the presence of (a) 

7.77 µM silica-loaded G54-H350-E25-MAA50 vesicles and (b, c) 7.77 µM silica-loaded G54-H350-E25-MAA100 

vesicles. [N.B. The cross-section shown in (c) is parallel to the (104) face and was prepared by 

focused ion beam (FIB) milling]; Inset in (c) is a higher magnification image, showing the presence of 

silica nanoparticles within this ellipsoidal void. (d) Fluorescence microscopy image recorded for 

calcite crystals prepared in the presence of 7.77 µM silica-loaded G54-H350-E25-MAA100 vesicles. The 

inset in (d) shows a higher magnification image of a single calcite crystal. 
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