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CONSPECTUS (400-500 words): In principle, the incorporation of guest nanoparticles within 

host crystals should provide a straightforward and versatile route to a wide range of nanocomposite 

materials. However, crystallization normally involves expelling impurities so nanoparticle 

occlusion is both counter-intuitive and technically challenging. Clearly, the nanoparticles should 

have a strong interaction with the growing crystalline lattice, but quantifying such affinity has been 

challenging; the basic principles that govern efficient nanoparticle occlusion within inorganic 

single crystals are rather poorly understood. In the past few years we have focused on the 

elucidation of robust design rules for such systems; our progress is summarized in this article.  

Polymerization-induced self-assembly (PISA) is widely recognized as a powerful platform 

technology for the preparation of a broad range of model organic nanoparticles. Herein PISA was 

exploited to prepare sterically-stabilized diblock copolymer nano-objects (e.g. spheres, worms or 
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vesicles) of varying size using steric stabilizers of well-defined chain length, variable anionic 

charge density, tunable surface density and adjustable chemical functionality (e.g. carboxylic acid, 

phosphate, sulfate or sulfonate groups). Thus we were able to systematically investigate how such 

structural parameters influence nanoparticle occlusion. Given its commercial importance for many 

industrial sectors, calcium carbonate was selected as the model host crystal for nanoparticle 

occlusion studies. Perhaps surprisingly, the extent of nanoparticle occlusion is not particularly 

sensitive to nanoparticle size or morphology. However, the steric stabilizer chain length can play 

a key role: relatively short chains lead to surface-confined occlusion, while sufficiently long chains 

enable uniform nanoparticle occlusion to be achieved throughout the crystal lattice (albeit 

sometimes inducing a significant change in crystal morphology). Optimizing the anionic charge 

density and surface density of the stabilizer chains is required to maximize the extent of 

nanoparticle occlusion, while steric stabilizer chains comprising anionic carboxylate groups led to 

greater occlusion compared to those composed of phosphate, sulfate, or sulfonate groups.  

Subsequently, our occlusion studies were extended to include functional hybrid 

nanocomposite crystals. For example, the spatially-controlled occlusion of poly(glycerol 

monomethacrylate)-stabilized gold nanoparticles was achieved within semiconductive ZnO 

crystals by either controlling the nanoparticle concentration or by delaying their addition to the 

reaction mixture. Moreover, oil droplets of up to 500 nm have been incorporated into calcite 

crystals at up to 11% by mass, despite the large mismatch in surface energy between the 

hydrophobic oil droplets and the ionic crystal lattice. We have also explored a ‘Trojan horse’ 

strategy, whereby cargos comprising nanoparticles or soluble dye molecules are first encapsulated 

within anionic block copolymer vesicles prior to their incorporation within calcite crystals. This 

approach offers a generic and efficient strategy for the occlusion of many types of guest species 
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into single crystals. In summary, we have established important guidelines for efficient 

nanoparticle occlusion within crystals, which opens up new avenues for the synthesis of next-

generation hybrid materials. 

 

1. INTRODUCTION 

Biominerals are typically composed of organic additives embedded within an inorganic matrix.1 

Remarkable improvements in mechanical properties can be achieved even with relatively low 

levels of organic additives.2 Therefore, scientists have sought a fundamental understanding of 

biomineralization with the aim of mimicking this strategy for the design of next-generation 

nanocomposite materials.3-6  

The interaction of water-soluble polymers with growing crystals is well-known and has been 

intensively studied.7 However, the efficient uniform occlusion of nanoparticles within inorganic 

crystals is a formidable technical challenge. Indeed, examples of either unsuccessful or non-

uniform nanoparticle occlusion have been reported by various research teams.8-10 Often, only 

surface-confined occlusion is achieved, i.e. the nanoparticles merely decorate the crystal surface. 

Wegner and co-workers first reported the incorporation of latex particles into ZnO or calcite 

crystals.11-13 Subsequently, Kim et al. occluded commercial latexes14 and anionic diblock 

copolymer micelles15 within calcite single crystals and showed that such nanocomposites exhibit 

enhanced hardness compared to calcite of geological origin. Notably, there are more examples 

demonstrating guest species occlusion can improve mechanical properties,16 tune the band gap of 

the semiconductor17 and enhance the charge-transfer properties.18 Kulak et al. demonstrated that 

polymer-modified magnetite nanoparticles could also be incorporated into ZnO.19 Huo and co-

workers occluded various poly(N-vinyl pyrrolidone)-stabilized inorganic nanoparticles (e.g. Au, 

Pt, Fe3O4 and CdTe nanoparticles, NaYF4 rods, etc.) within metal-organic frameworks (MOFs).20 

Such nanocomposites can exhibit enhanced catalytic, magnetic or optical properties conferred by 

the nanoparticles while retaining beneficial MOF properties such as molecular sieving. Clearly, 

efficient occlusion of functional guest nanoparticles within host crystals enables the design of a 
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wide range of hybrid materials that exhibit a desirable combination of properties which cannot be 

accessed using the individual components alone.21-22 

Nevertheless, progress in this field has relied mainly on empirical trial-and-error 

experiments, owing to a lack of fundamental knowledge regarding the critical parameters that 

govern efficient nanoparticle occlusion within inorganic crystals. Herein, we summarize our 

recent progress in the elucidation of such design rules, particularly for nanoparticle occlusion 

within calcium carbonate crystals grown using the ammonia diffusion method.  

2. RATIONAL DESIGN OF MODEL NANOPARTICLES USING POLYMERIZATION-

INDUCED SELF-ASSEMBLY  

Elucidating the design rules for nanoparticle occlusion within inorganic crystals requires the 

precision synthesis of model nanoparticles. We elected to use reversible addition-fragmentation 

chain transfer polymerization (RAFT) polymerization, which enables the synthesis of well-defined 

diblock copolymer chains with relatively narrow molecular weight distributions (Mw/Mn < 1.30). 

In particular, RAFT-mediated PISA provides a convenient and highly versatile synthetic route to 

diblock copolymer nanoparticles at up to 50 wt.% solids.23 Moreover, this approach is generic: it 

is applicable to a wide range of functional vinyl monomers and can be conducted in water, 

alcoholic media or non-polar solvents. PISA involves growing an insoluble block from a soluble 

precursor or macromolecular chain transfer agent (macro-CTA): when the growing second block 

reaches a certain critical degree of polymerization (DP) this induces micellar nucleation. The final 

diblock copolymer morphology can be either spheres, worms or vesicles depending on the relative 

volume fractions of the two blocks (see Figure 1). The soluble precursor acts as the steric stabilizer 

while the insoluble block forms the nanoparticle cores (or membrane, in the case of vesicles).  
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Figure 1. Basic principle of polymerization-induced self-assembly (PISA) using reversible 

addition-fragmentation chain transfer (RAFT) polymerization, which involves the use of an 

organosulfur-based chain transfer agent (in this case a trithiocarbonate). The schematic cartoon 

illustrates the morphological evolution that can occur when the mean degree of polymerization 

(DP) of the insoluble red block is systematically increased when using a blue steric stabilizer of 

constant DP. 

3. PARAMETERS THAT GOVERN NANOPARTICLE OCCLUSION WITHIN 

CALCITE SINGLE CRYSTALS 

Crystallization is a complex process that can occur under various conditions. In this Account, 

we focus on the parameters that govern the extent of occlusion of guest nanoparticles within host 

crystals. Thus only the structural parameters associated with the model nanoparticles were 

systematically examined while the crystallization conditions (e.g. crystal precursor concentration, 

crystallization rate, temperature, etc.) were kept constant. 

It is emphasized that the guest nanoparticles do not act as nuclei for growth of the host crystals. 

Instead, the nanoparticles adsorb onto the growing crystal surface and subsequently become 

engulfed by the advancing steps. Both De Yoreo and co-workers24 and Estroff and co-workers25 

have gained important insights into the mechanism of nanoparticle occlusion within calcite by 
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performing in situ atomic force microscopy (AFM) studies. There are three types of interactions 

between guest nanoparticles and the growing crystal surface: (i) reversible nanoparticle attachment, 

(ii) nanoparticle ‘hovering’ while the growing steps pass underneath, and (iii) engulfment of 

adsorbed nanoparticles by the advancing steps. Moreover, in situ AFM was also used by Zhong et 

al. to study the dislocation generation by particle incorporation.26-27 

 

3.1. Morphology and Size 

So far as we are aware, nanoparticle morphology (symmetric spheres, vesicles or asymmetric 

worms) and size (from 5 nm to 500 nm) do not appear to affect occlusion within calcite crystals. 

For example, poly(methacrylic acid)73-poly(benzyl methacrylate)200 [M73-B200] diblock copolymer 

nanoparticles can be prepared by RAFT-mediated PISA in either methanol/water or 

methanol/ethanol mixtures (see Figure 2a).28 In the former case, only kinetically-trapped spheres 

are formed owing to the anionic character of the ionized poly(methacrylic acid)73 stabilizer chains, 

which prevent sphere-sphere fusion. In contrast, well-defined vesicles are produced when using a 

methanol/ethanol mixture. Nevertheless, uniform occlusion was achieved for both types of diblock 

copolymer nanoparticles (see Figure 2). Moreover, highly asymmetric M71-B98  diblock 

copolymer worms can also be efficiently incorporated within calcite.29 Thus occlusion appears to 

be surprisingly insensitive to the nanoparticle morphology. 

To date, a wide range of nanoparticles, including polymer latexes,14 polymer-stabilized 

inorganic nanoparticles,30-34 sterically-stabilized diblock copolymer nano-objects (e.g. spheres,35-

37 worms29 or vesicles38-39), block copolymer-stabilized oil droplets,40 and soil-derived organic 

matter41 have been examined in the context of calcite occlusion. The mean particle size ranges 

from 5 nm to 500 nm, which indicates nanoparticle size does not affect their occlusion within 

calcite crystals in this investigated range. Intuitively, there is likely to be an upper limit particle 

size beyond which occlusion becomes negligible. It is perhaps also worth bearing in mind that any 

upper limit guest size is likely to depend on the intrinsic dimensions of the host crystals. For 

example, calcite typically forms relatively large crystals of around 20-40 µm,40 whereas ZnO 

crystals are usually of the order of 1 µm or less.32, 35 
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3.2. Steric Stabilizer Chain Length 

Clearly, the surface chemistry of the guest nanoparticles plays a key role in dictating their 

interaction with the growing surface of the host crystals. Moreover, surface chemistry is also 

critical for the nanoparticles to maintain colloidal stability under the chosen occlusion conditions, 

which may include elevated temperature19, variation in pH or the presence of divalent cations (e.g. 

Ca2+ or Zn2+).32  

PISA is a powerful platform technology that provides excellent control over the mean length 

of the steric stabilizer chains within diblock copolymer nanoparticles by simply varying the DP of 

the soluble precursor block (or macro-CTA). For example, a series of four Mx-By diblock 

copolymer nanoparticles were prepared via RAFT dispersion polymerization of benzyl 

methacrylate. The poly(methacrylic acid) stabilizer DP (or x) was either 29 or 73 (see Figure 2a). 

Depending on the solvent medium, either a spherical or a vesicular morphology could be obtained. 

Small angle x-ray scattering (SAXS) enables rigorous structural analysis of these nanoparticles in 

terms of their morphology, particle size, mean aggregation number, surface density of stabilizer 

chains (i.e. the mean number of copolymer chains per unit surface area) and vesicle membrane 

thickness.28 Such nanoparticles are sufficiently large to determine their spatial distribution within 

calcite crystals using established imaging techniques such as transmission electron microscopy 

(TEM),15 scanning electron microscopy (SEM), 37-38 confocal laser scanning microscopy 

(CLSM),39-40 or ptychographic x-ray tomography.42 

Calcite crystals precipitated in the presence of these four model nanoparticles were fractured 

prior to SEM studies, see Figures 2b-2i. These images indicate that surface-confined occlusion, 

where nanoparticles are only incorporated at the near-surface of the crystal, occurs when Mx-By 

nanoparticles have relatively short steric stabilizer chains (x = 29). In contrast, uniform occlusion 

- whereby nanoparticles are evenly incorporated throughout the whole crystal - occurs when such 

nanoparticles possess relatively long stabilizer chains (x = 73). Systematic variation of the 

poly(methacrylic acid) chain length indicated that a minimum DP of approximately 50 is required 

to ensure uniform nanoparticle occlusion.28 However, larger nanoparticles may require longer 

stabilizer chains to achieve uniform occlusion.10 In this study, these four model nanoparticles range 

in size from ~30 nm up to 200 nm. Clearly, neither size nor morphology can explain the observed 
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qualitative difference in nanoparticle occlusion. Moreover, any possible effect of surface stabilizer 

chain density was also excluded.28 Instead, it is the steric stabilizer chain length that dictates 

whether surface-confined occlusion or uniform occlusion occurs within calcite crystals.  

 

Figure 2. Effect of varying the steric stabilizer chain length on the type of nanoparticle occlusion 

within calcite single crystals. (a) Synthesis of fluorescein-labeled poly(methacrylic acid)x-

poly(benzyl methacrylate)y (Mx-By) diblock copolymer nanoparticles via RAFT-mediated PISA, 

where the choice of solvent dictates the final copolymer morphology (i.e. spheres or vesicles). 

Representative SEM images recorded for randomly-fractured calcite crystals precipitated in the 

presence of (b-d) 0.1% w/w M29-B200 vesicles; (e-g) 0.1% w/w M73-B200 vesicles; (h) 0.01% w/w 

M29-B200 spheres; (i) 0.01% w/w M73-B200 spheres. The insets shown in (h) and (i) are the 

corresponding low magnification SEM images, respectively. Reproduced from ref 28. Copyright 

2019 American Chemical Society. 

Obviously, nanoparticles that strongly interact with the growing host crystals are more likely 

to be engulfed during crystal growth. In this context, nanoparticles bearing longer 
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poly(methacrylic acid) stabilizer chains can adopt many more conformations in order to bind to 

the growing calcite surface. Surface-confined occlusion suggests that nanoparticles only become 

incorporated within the host crystal during the latter stages of crystallization. Clearly, the 

concentration of divalent Ca2+ ions is gradually reduced during calcite formation. In principle, this 

results in less ionic cross-linking between anionic carboxylate groups on neighbouring 

poly(methacrylic acid) stabilizer chains. Thus, the stabilizer chains gain more conformational 

freedom, which enhances nanoparticle adsorption and belatedly promotes occlusion. Moreover, 

the growing calcite surface contains longer step edges and more kink sites, which should promote 

surface-confined occlusion in the latter stages of crystallization.28 Thus this study provides an 

explanation for the observation of surface-confined nanoparticle occlusion within calcite, which 

was first noted by Lu et al. in 2005.8  

Ideally, when designing a series of model nanoparticles to elucidate design rules, only one 

parameter should be varied with all others being held constant. However, there is often some 

unavoidable interplay between various structural parameters. For example, systematic variation of 

the steric stabilizer chain length leads to the formation of spherical nanoparticles of differing 

particle size aggregation number and surface stabilizer chain density when targeting the same DP 

for the core-forming block.28 To address this well-known problem, we designed a series of model 

vesicles using a synthetic protocol inspired by the An research group.43 Importantly, the vesicle 

membrane is covalently cross-linked, which enables the steric stabilizer chain length to be varied 

without altering the lumen volume (see Figure 3). Thus, the surface density of the anionic steric 

stabilizer chains remains constant as they are grown from the membranes of non-ionic precursor 

vesicles. Moreover, such vesicles were labeled by copolymerizing a small amount of fluorescent 

comonomer, which enables visualization of the occluded vesicles by fluorescent microscopy. 

Finally, silica nanoparticles can be readily encapsulated within such vesicles to serve as a model 

payload. This approach offers an attractive and versatile route for the design of a range of new 

hybrid materials, as well as allowing the elucidation of design rules.38 
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Figure 3. Effect of varying the steric stabilizer chain length on the occlusion of vesicles within 

calcite crystals. (i-iv) Synthesis of fluorescein-labeled silica-loaded vesicles with a fixed lumen 

diameter and tunable steric stabilizer chain length. Representative optical microscopy images (a-

g) and SEM images (h-n) of calcite crystals grown in the presence of vesicles bearing 

poly(methacrylic acid) chains of varying DP. (o-u) SEM images of the corresponding fractured 

calcite crystals, revealing the presence of the occluded vesicles. Reproduced from ref 38. 

Copyright 2019 American Chemical Society. 
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Precise control over the poly(methacrylic acid) chain length provided an unprecedented 

opportunity to systematically investigate how this parameter affects the extent of nanoparticle 

occlusion. It turns out that the stabilizer DP plays an important role in dictating both the extent of 

nanoparticle occlusion and the calcite crystal morphology: sufficiently long stabilizer chains are 

required to achieve uniform nanoparticle occlusion, but if the stabilizer chains are too long this 

adversely affects the crystal morphology without increasing the extent of occlusion (see Figures 

3a-n).38 In principle, longer poly(methacrylic acid) stabilizer chains should enable stronger vesicle 

binding to the growing crystal surface and hence lead to higher extents of vesicle occlusion. We 

hypothesize that mutual electrostatic repulsion between these highly anionic vesicles may prevent 

their close approach during occlusion. The longer stabilizer chains have many more degrees of 

freedom, which enables stronger binding to the growing crystal surface and thus causes a change 

in the crystal morphology. 

3.3. Anionic Charge Content within the Surface Stabilizer Chains 

Statistically copolymerization of an anionic monomer (2-(phosphonooxy)ethyl methacrylate, 

P) with a non-ionic monomer (glycerol monomethacrylate, G) in various molar ratios enables the 

anionic charge density of the resulting steric stabilizer chains to be systematically varied, see 

Figures 4a-b. The overall DP of such copolymer stabilizer chains was selected to be ~50 because 

our previous studies showed that this is sufficiently long to ensure uniform nanoparticle 

occlusion.28, 38 Systematic variation of the anionic charge density enabled us to ask the following 

questions. What is the minimum number of anionic comonomer units in the steric stabilizer block 

required to achieve uniform nanoparticle occlusion within calcite crystals? How does varying the 

anionic charge density within the stabilizer chains affect the extent of nanoparticle occlusion?  

SEM studies indicated that higher levels of nanoparticle occlusion can be achieved by 

increasing the anionic character of the steric stabilizer chains (Figure 4c). Fewer than 21 phosphate 

groups per stabilizer chain led to non-uniform occlusion while a relatively high proportion (e.g. ≥ 

32 phosphate groups per chain) ensured uniform occlusion. Moreover, only surface-confined 

occlusion of poly(2-(phosphonooxy)ethyl methacrylate)32-poly(benzyl methacrylate)300 

nanoparticles within calcite crystals could be achieved in an earlier study.28 We tentatively suggest 

that incorporating non-ionic comonomer units within the steric stabilizer chains confers greater 
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conformational freedom while simultaneously reducing the probability of ionic cross-linking 

between neighboring phosphate groups within the stabilizer chains. In both cases, this should 

facilitate nanoparticle binding to the growing crystal surface. 

 

 

Figure 4. Effect of varying the anionic charge density within the steric stabilizer chains on 

nanoparticle occlusion. (a) PISA synthesis of a series of sterically-stabilized spherical 

nanoparticles containing a variable number of anionic phosphate groups within the stabilizer 

chains; (b) schematic cartoons summarizing the chemical and structural features of these 

copolymer nanoparticles; (c) SEM images recorded for the randomly-fractured calcite crystals 

grown in the presence of these anionic nanoparticles. Reproduced from ref 45. Copyright 2019 

John Wiley & Sons, Inc. 

 

3.4. Surface Stabilizer Chain Density  
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Figure 5. Effect of varying the surface density of stabilizer chains on the extent of nanoparticle 

occlusion within calcite crystals. (a) Synthesis of poly(ammonium 2-sulfatoethyl methacrylate)73-

poly(benzyl methacrylate)300 [S73-B300] spherical nanoparticles via either RAFT dispersion 

polymerization or RAFT aqueous emulsion polymerization; (b) S73-B300 spheres with a relatively 

high density of anionic stabilizer chains and their occlusion within calcite; (c) S73-B300 spheres 

with a relatively low density of stabilizer chains and their occlusion within calcite. Reproduced 

from ref 37. Copyright 2016 American Chemical Society. 

 

For polyelectrolytic stabilizer chains, the extent of mutual electrostatic repulsion depends on 

the solvent(s) selected for the PISA synthesis. A highly anionic polyelectrolyte, poly(ammonium 

2-sulfatoethyl methacrylate)73, was chain-extended with benzyl methacrylate in various solvent(s) 

with differing dielectric constants (see Figure 5a). The anionic stabilizer chain density should be 

significantly reduced when using a solvent (or solvent mixture) with a higher overall dielectric 

constant.37 This is because greater electrostatic repulsion between neighboring polyelectrolytic 

chains increases their lateral inter-separation distance, which also leads to a lower mean 

aggregation number.  
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Remarkably, lower stabilizer chain densities lead to higher extents of nanoparticle occlusion. 

This is presumably because ionic cross-linking by Ca2+ ions is more likely for nanoparticles with 

higher stabilizer chain densities, which in turn prevents the anionic nanoparticles from interacting 

with the growing crystals.37 In fact, an optimum stabilizer chain density is important for 

maximizing nanoparticle occlusion. This was subsequently confirmed by Kim et al., who used a 

binary mixture of poly(methacrylic acid) stabilizer chains to tune the anionic charge density.44 This 

unexpected finding reveals an arguably counter-intuitive design rule for efficient nanoparticle 

occlusion within calcite crystals. Moreover, Figure 5c indicates such sulfate-based nanoparticles 

are densely distributed within the calcite crystals. Indeed, the nanoparticle concentration within 

such crystals is significantly higher than the original nanoparticle concentration in the reaction 

solution. This suggests an active uptake mechanism, which is consistent with in situ AFM 

studies.24-25 

3.5. Surface Functionality 

In general, anionic surface character appears to be important for driving nanoparticle 

occlusion within calcite crystals.36 In this context, a wide range of anionic functionalities have 

been explored. Using the model cross-linked vesicle system described above, we found that 

anionic carboxylate groups are superior to phosphate, sulfate or sulfonate groups in promoting 

nanoparticle occlusion.38 This is presumably because of the structural similarity between anionic 

carboxylate groups and CO3
2- anions, which ensures intimate interaction between the nanoparticles 

and the calcite surface. In contrast, only very limited occlusion was observed for non-ionic 

poly(glycerol monomethacrylate)x-poly(benzyl methacrylate)y diblock copolymer nanoparticles.25, 

37-38, 45-46 However, we serendipitously found that poly(glycerol monomethacrylate)-functionalized 

gold nanoparticles can be efficiently incorporated within ZnO crystals, which will be discussed in 

more detail in the next Section. Very recently, Kim et al. reported that such gold nanoparticles can 

also be densely occluded within calcite crystals and other host crystals such as calcium sulfate 

dihydrate and calcium oxalate monohydrate (see Figure 6).33 Surprisingly, the non-ionic 

poly(glycerol monomethacrylate) stabilizer chains even outperform anionic poly(methacrylic acid) 

in terms of the extent of occlusion. In related work, Magnabosco et al. reported that 10 nm silica 

nanoparticles coated with a non-ionic poly(ethylene glycol)-based polymer bearing hydroxyl, 

amine or carboxylic acid terminal groups can be occluded within calcite, albeit with rather low 
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extents of occlusion.34 For non-ionic polymer-coated inorganic nanoparticles, such surface 

modification is essential to ensure sufficient colloidal stability under the calcite growth conditions. 

Clearly, further work is warranted to establish whether subtle differences in the surface density of 

stabilizer chains might play an important role here. Alternatively, does the nature of the 

nanoparticle core (gold sol vs. poly(benzyl methacrylate) influence the extent of occlusion? The 

latter hypothesis does not appear to be very likely but it certainly deserves to be evaluated. 

 

Figure 6. Calcite crystals precipitated in the presence of 0.05% w/v 14 nm poly(glycerol 

monomethacrylate)-functionalized gold nanoparticles. (a) SEM image of a FIB cross-section and 

(b) STEM HAADF image of a lamellar cut from a calcite crystal occluded with gold nanoparticles. 

(c) Tomographic image derived from STEM analysis showing the nanoparticle distribution within 

a sectioned lamella from a representative crystal. Reproduced from ref 33. Copyright 2020 

Springer Nature Limited. 

 

4. SPATIALLY CONTROLLED NANOPARTICLE OCCLUSION 
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Figure 7. (a) Schematic representation of spatially-controlled occlusion of non-ionic poly(glycerol 

monomethacrylate)70-stabilized gold nanoparticles (G70-AuNPs) within ZnO crystals. 

Representative TEM images showing cross-sections of (b) ZnO control, (c) gold nanoparticles 

occluded at the near surface of ZnO crystals, (d) gold nanoparticles occluded at the center of ZnO 

crystals, (e) uniform occlusion of gold nanoparticles within ZnO crystals. (f) high-resolution TEM 

image indicating intimate contact between a single gold nanoparticle and the surrounding ZnO 

crystal. Reproduced from ref 32. Copyright 2019 John Wiley & Sons, Inc. 

 

Controlling the spatial distribution of nanoparticles within host crystals is highly desirable 

because this may be required to optimize various physical properties. In 2015, we occluded 

poly(ammonium 2-sulfatoethyl methacrylate)73-poly(benzyl methacrylate)300 [S73-B300] diblock 

copolymer spheres within semiconductive ZnO crystals.35 Unfortunately, the same protocol 

proved to be unsuccessful for the occlusion of poly(ammonium 2-sulfatoethyl methacrylate)-

modified gold nanoparticles. However, while conducting a control experiment, we serendipitously 

found that non-ionic poly(glycerol monomethacrylate)-modified gold nanoparticles can be 

efficiently incorporated into ZnO. Moreover, the spatial distribution of such nanoparticles can be 

surface-confined by delaying addition of the gold nanoparticles for 30 min. Alternatively, 

occlusion can be restricted to just the cores of the rod-like ZnO crystals or be uniform throughout 
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the ZnO crystals, simply by varying the Zn2+ concentration (see Figure 7). FT-IR spectroscopy 

studies suggest that the pendent cis-diol groups on the non-ionic poly(glycerol monomethacrylate) 

stabilizer chains can act as a chelating ligand for the Zn2+ cations. Presumably, this specific 

interaction promotes nanoparticle adsorption at the crystal surface and hence provides the driving 

force for occlusion. It is well-documented that anionic macromolecules were intensively studied 

in the context of biomineralization while non-ionic counterparts were largely ignored.7 It is worth 

noting that nanoparticle occlusion provides a unique model system to study biomineralization.15, 

32, 47 It seems that we may need to reconsider whether certain non-ionic biomolecules might play 

important roles during biomineralization.  

To date, no discrete surface layer has been observed for the occluded nanoparticles, regardless 

of their chemical structure. Thus, it seems that the crystalline host material penetrates the steric 

stabilizer layer and comes into intimate contact with the nanoparticle cores.32 In principle, this 

could lead to emergent optical or electrical properties. In particular, uniform occlusion of gold 

nanoparticles within ZnO crystals did not disturb the long-range order of the host material (see 

Figure 7f). Moreover, XPS studies indicated intimate contact between the metallic gold 

nanocomposite cores and the semiconductive ZnO host.32 The photocatalytic properties of these 

Au/ZnO nanocomposites was evaluated by investigating the photodegradation of a model 

rhodamine B dye. The rate of dye photodegradation increases monotonically with Au content 

within the ZnO crystals. Thus this study suggests that enhanced properties can be achieved by 

combining two functional components to form nancomposite crystals using a nanoparticle 

occlusion strategy. 
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5.  A ‘TROJAN HORSE’ STRATEGY 

 

Figure 8. Various species can be occluded within calcite crystals using a ‘Trojan horse’ strategy 

based on anionic diblock copolymer vesicles or nanoemulsions: (a) silica-loaded M69-B200 vesicles; 

(b-e) a sequence of cross-sectional SEM images recorded over time during continuous focused ion 

beam (FIB) etching of an individual vesicle/calcite nanocomposite crystal; (f) confocal 

fluorescence microscopy image recorded for a calcite crystal containing fluorescein-loaded M62-

B300 vesicles; (g) cryo-TEM image of a methyl myristate-in-water droplet, where an anionic 

diblock copolymer acts as a polymeric surfactant at the oil/water interface (inset shows a schematic 

cartoon); (h-i) SEM images recorded for a cross-sectioned calcite crystal recorded during FIB 

milling confirming the uniform occlusion of oil droplets; (j) in situ monitoring of the release of oil 

droplets loaded with Nile red from calcite crystals on addition of simulated gastric fluid (SGF, pH 

1.2) by confocal fluorescence microscopy. Top row reproduced from ref 39. Copyright 2018 Royal 

Society of Chemistry. Bottom row reproduced from ref 40. Copyright 2019 Royal Society of 

Chemistry. 

 

Appropriate surface chemistry is normally considered to be a prerequisite for efficient 

nanoparticle occlusion. For example, surface modification with a suitable polymer is usually 

essential for the incorporation of inorganic nanoparticles such as gold sols within host crystals. 

Clearly, identification of a generic route that enabled the occlusion of unmodified nanoparticles 

(or other species) would be highly desirable. To address this technical challenge, we designed a 

versatile ‘Trojan horse’ strategy. Thus, soluble small molecules (e.g. dyes) or nanoparticles are 
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first encapsulated within anionic diblock copolymer vesicles. Then such cargo-loaded vesicles are 

incorporated into calcite crystals (see Figures 8a-e).39 In principle, this strategy allows the 

occlusion of any species within a host crystal. In this context, targeting a higher DP for the 

hydrophobic membrane-forming block leads to a thicker vesicle membrane, which may be 

required to retain payloads comprising soluble small molecules (see Figure 8f). Alternatively, 

nanoparticle occlusion within calcite can also be achieved by a gel-trapping method. In 2009, Li 

et al. reported the incorporation of agarose gel into calcite.48 Physically trapping a range of 

inorganic nanoparticles (e.g. gold sols, Fe3O4 sols or CdTe quantum dots) within such gel networks 

led to their passive engulfment within this host crystalline matrix.49-50 

Oil-in-water nanoemulsions can also act as ‘Trojan Horses’ to incorporate guest species into 

host crystals. It is well-known that most oils and inorganic crystals are mutually incompatible. 

Thus, the efficient incorporation of oil droplets into inorganic host crystals appears to be highly 

problematic. To address this formidable technical challenge, a series of strongly amphiphilic 

poly(methacrylic acid)-poly(n-alkyl methacrylate) diblock copolymers were prepared in the form  

of sterically-stabilized nanoparticles via PISA and subsequently evaluated as emulsifiers for 

various oils (e.g. methyl myristate, sunflower oil, isohexadecane etc.). First oil-in-water 

nanoemulsions with mean diameters ranging from 250 nm to 500 nm were prepared via high-

pressure microfluidization (see Figure 8g). Systematic studies confirmed that both the copolymer 

concentration and the diblock composition affected the extent of oil droplet occlusion within 

calcite. Remarkably, optimized conditions produced calcite crystals that contained up to 11% oil 

by mass, as determined by thermogravimetric analysis. Moreover, the oil droplets underwent 

significant deformation during their occlusion owing to compressive forces exerted by the growing 

crystals (see Figures 8h-i). 

Furthermore, we demonstrated that this protocol enables the incorporation of water-insoluble 

dyes or hydrophobic nanoparticles within calcite. More specifically, Nile Red dye, magnetite or 

gold nanoparticles were dissolved or dispersed within the oil phase followed by emulsification in 

the presence of the diblock copolymer surfactant to produce the cargo-loaded oil droplets. Finally, 

calcite precipitation in the presence of such oil droplets led to their uniform occlusion. Calcium 

carbonate is abundant, highly biocompatible and considered to be environmentally benign. The 

single crystal nature of the host ensures efficient retention of such guests at around neutral pH. 
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However, lowering the solution pH leads to triggered release via gradual dissolution of the calcite 

(see Figure 8j), suggesting potential controlled-release applications.40 Alternatively, the brittle 

nature of the calcite crystals might enable oil release via mechanical rupture. 

6. SUMMARY 

Utilizing RAFT-mediated PISA as a convenient platform technology, a wide range of model 

nanoparticles have been designed to elucidate the essential design rules governing the efficient 

incorporation of various types of nanoparticles (organic, inorganic and even oil droplets) within 

calcite crystals. First, the steric stabilizer chain length of the guest nanoparticles plays a key role 

in dictating efficient occlusion: relatively long chains are required to ensure uniform nanoparticle 

occlusion whereas shorter chains only result in surface-confined occlusion. However, overly long 

chains do not promote further nanoparticle occlusion but instead change the crystal morphology. 

Second, optimization of both the anionic charge density and the surface density of the steric 

stabilizer chains is also required to maximize the extent of nanoparticle occlusion. Third, anionic 

stabilizer chains comprising carboxylate groups promote higher levels of nanoparticle occlusion 

within calcite crystals compared to those composed of phosphate, sulfate or sulfonate groups. 

Moreover, spatially-controlled nanoparticle occlusion can be achieved, while a ‘Trojan horse’ 

strategy based on the encapsulation of either nanoparticles or dye molecules within vesicles offers 

a generic protocol for the delivery of a wide range of guest species within host crystals. 

Nanoparticle occlusion within inorganic single crystals is an emerging research field. It 

differs significantly from traditional chemical alloying and mechanical blending, because the 

former approach mixes components at the atomic scale while the latter does not lead to long-range 

order. Now that some of the important design rules governing nanoparticle occlusion have been 

established, the next step is to explore the full potential of this strategy to design a wide range of 

functional nanocomposite crystals that cannot be prepared by conventional methods, establish 

synthesis-structure-function relationships and evaluate potential applications. In addition, 

nanoparticle occlusion strategy also provides a unique model system to study biomineralization by 

designing suitable particulate additives. 
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