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Block copolymer nanoparticles are versatile crystal growth additives that can be used to both modify crystal morphologies and in-

troduce new properties through their occlusion within the crystal lattice.  However, the structural features that make these nanopar-

ticles such effective additives are as yet unclear.  This study employs a series of copolymer nanoparticles comprising hydrophobic 

cores and coronas of carboxylate and hydroxyl polymer chains to establish the design rules that govern the activity of the nanopar-

ticles.  Systematic variation of the chemical composition of the nanoparticle coronas and the length of the chains enabled us to ex-

plore two closely-linked phenomena: crystal habit modification and nanoparticle occlusion within the crystal lattice.  We show that 

nanoparticle activity does not scale directly with carboxylate content and that nanoparticles comprising 50% carboxylate/ 50% hy-

droxyl groups were incorporated more effectively than those comprising 100% carboxylate chains.  The accessibility of the carbox-

yl groups is also important, and activity is reduced when the carboxylate groups are embedded within the corona rather than being 

located on the particle surface.  Finally, we demonstrate that occlusion and changes in crystal habit/ morphology can occur inde-

pendently.  These results offer a new framework for designing nanoparticles as crystal growth additives, where this provides a nov-

el strategy for preparing inorganic nanocomposites.  

Introduction 

Nanocomposite materials comprising nanoparticles embed-

ded within an inorganic matrix attract considerable attention 

due to their promise of superior optical, mechanical, catalytic 

and electrical properties.1-3 The ability to engineer their 

properties through judicious selection of the nanoparticle and 

host materials, controlling the distribution of nanoparticles 

within the host matrix, tuning the nanoparticle/ matrix inter-

actions and defining whether the host matrix is a single crys-

tal or polycrystalline in nature2, 4, 5 is particularly attractive. 

Tailoring the surface composition of the constituent nanopar-

ticles is therefore key to achieving both nanoparticle stability 

during processing and optimal interactions with the host 

matrix, and remains a significant challenge in the develop-

ment of next-generation materials.4-6 

A wonderful example of the formation of nanocomposites 

is provided by the process of biomineralization, where or-

ganisms employ organic molecules to generate structures 

with defined sizes, morphologies, orientation and poly-

morph.7, 8  As a key outcome of this strategy, proteins are 

often embedded within crystals, creating single crystal nano-

composites with superior mechanical properties.9 Important-

ly, this process can also be readily translated to synthetic 

systems.2, 10 We have shown that precipitation of calcite 

(CaCO3) crystals in the presence of organic nano-objects and 

polymer-functionalized inorganic nanoparticles in a one-pot 

method leads to high loadings and excellent dispersion of the 

guest nanoparticles within the host crystal.2, 11-13 Occlusion of 

the inorganic nanoparticles imparted new properties to the 

host crystal such as magnetism12 and color,14 while the inter-

action of the embedded block copolymer nano-objects with 

dislocations led to enhanced mechanical properties.2, 11, 15 

This approach was recently extended to the hydrothermal 

synthesis of metal oxide composites.16 In all cases, appropri-

ate design of the copolymer stabilizer chains present at the 

surface of the nanoparticles is critical in preventing particle 

aggregation in the crystallization solution, and enabling oc-

clusion. 

The use of synthetic nanoparticles also provides unique 

opportunities to study the influence of additives on crystalli-

zation.  Their sizes and chemical structures can be systemati-

cally varied and the incorporated nanoparticles can be direct-

ly visualized within the host crystal using microscopy.15 To 

date, we have reported high incorporation efficiencies (>10 

wt%) within calcite single crystals for nanoparticles func-

tionalized with relatively long poly-acid chains.2, 11, 13 With 

sizes comparable to the protein aggregates observed within 

many biominerals, the particles employed here also provide 

an excellent model system for understanding crystal/ addi-

tive interactions in biology. 

This article describes an investigation into nanoparticle-

directed crystallization, where our goal was to determine the 

“design rules” that govern the effect of copolymer nanoparti-

cles on the morphology of calcite crystals, and their occlu-

sion within the crystal lattice.  Profiting from an ability to 

synthesize block copolymer nanoparticles with excellent 

control over their structures, a series of di-block copolymer 

nanoparticles was synthesized that comprised carboxylate 

and hydroxyl-functionalized steric stabilizer chains with 

compositions ranging from 10 mol% to 100 mol% carbox-



 

ylate chains.  The influence of the location of the carboxylate 

groups – whether on the exterior of the particles or embed-

ded within the corona – was also studied.  The results ob-

tained bring new understanding of the activities of these 

additives, which will ultimately allow us to design and syn-

thesize new particles to control the growth and properties of 

crystals.  

 

Results 

Design and Characterization of Copolymer Nanoparti-

cles.  A series of copolymer nanoparticles composed of a 

hydrophobic poly(2-hydroxypropyl methacrylate) (PHPMA) 

core and a corona comprising mixed carboxylate- and hy-

droxyl-functionalized stabilizer chains was synthesized using 

polymerization-induced self-assembly (PISA).17 The carbox-

ylate groups were anticipated to interact more strongly with 

the growing calcite crystal than the hydroxyl groups.  Given 

the highly amphiphilic nature of these diblock copolymer 

chains, there is a strong driving force towards micellar self-

assembly in aqueous solution. This means that the hydro-

philic blocks containing the hydroxyl and carboxylate groups 

form the micelle coronas, while the hydrophobic block forms 

the micelle cores. Such behaviour is observed for related 

‘binary mixtures of stabilizers’ PISA formulations.  Longer 

PMAA chains also strongly favor the formation of kinetical-

ly-trapped spheres. A high number of carboxylate groups are 

therefore exposed on the nanoparticles.18 

These nanoparticles were synthesized by mixing a 

poly(glycerol methacrylate) (PGMA) and a poly(methacrylic 

acid) (PMAA) stabilizer block in various molar ratios prior 

to their simultaneous chain extension  via the reversible ad-

dition-fragmentation chain transfer (RAFT) aqueous disper-

sion polymerization of 2-hydroxypropyl methacrylate 

(HPMA) in water.  The surface compositions of the resulting 

nanoparticles were determined by the initial carbox-

ylate/hydroxyl molar ratio as previously demonstrated for 

the synthesis of comparable block copolymer nanoparticles 

using RAFT dispersion polymerization (Figure SI 1).19-21   

 

Figure 1.  Summary of the various sterically-stabilized nanoparticles examined in this study.  (a) Representative TEM images and their 

corresponding schematics and (b) chemical structures.  The red chains and green chains indicate anionic COOH groups and non-ionic OH 

groups respectively, while the light blue spheres indicate the PHPMA cores of the nanoparticles.  



 

The chemical structures and representative transmission 

electron microscopy (TEM) images for all the nanoparticles   

are shown in Figure 1.  The nanoparticles possessed a core 

formed from the PHPMA block, while the corona composition 

was systematically varied to produce nanoparticles that (i) 

presented different ratios of COOH to OH groups and which 

varied in (ii) the lengths of the respective chains and (iii) the 

relative lengths of the two chain types.  This approach allowed 

us to evaluate the importance of the density and location of the 

COOH groups within the particle corona, whether the particles 

were more active if the COOH groups were located at the ex-

terior of the corona rather than embedded within it, and 

whether longer chains were more effective than their shorter 

counterparts. 

Copolymer particles were therefore synthesized that exhib-

ited relatively “long” (L) carboxylate chains (PMAA85) and 

“medium” (M) length hydroxyl chains (PGMA62).  The 

COOH/OH molar ratio was varied from 10:90 L-COOH/M-

OH (indicating a mixed corona comprising 10 mol% “long” 

carboxylate chains and 90 mol% “medium” hydroxyl chains) 

to 50:50 L-COOH/M-OH.  The mean diameters and zeta po-

tentials of these nanoparticles were determined using dynamic 

light scattering (DLS) and aqueous electrophoresis and their 

morphologies were assessed using TEM.  All of these nano-

particles had zeta potentials of  -40 mV at pH 9, while z-

average diameters of 100-120 nm were obtained for nanoparti-

cles comprising 10-30 mol% L-COOH coronal chains and ≈ 

40 nm for the 50 mol% L-COOH nanoparticles (Figure SI 2).  

These data are consistent with previous studies of comparable 

nanoparticles, where the zeta potential does not correlate line-

arly with the anionic carboxylate content of the coronal 

layer.11, 22, 23  Even a relatively low surface charge density has 

a relatively large impact on the electrical double layer and 

hence zeta potential.  For the 10 mol % L-COOH and 20 

mol% L-COOH nanoparticles, a minor population of ~250 nm 

diameter vesicles were also observed but were not included in 

the size evaluation.  This series therefore enabled us to inves-

tigate how crystal growth was influenced by the overall anion-

ic charge density of the nanoparticles. 

The mean degrees of polymerization of the carboxylate and 

hydroxyl stabilizer chains were also varied for 50:50 

COOH/OH nanoparticles to investigate whether COOH 

groups located within the coronal layer could still bind effec-

tively to the surface of growing crystals.  This was achieved 

by comparing the performance of 50:50 S-COOH/M-OH (i.e. 

50:50 PMAA37/PGMA68) and 50:50 S-COOH/S-OH 

(PMAA32/PGMA38) nanoparticles. In addition, 100% carbox-

ylated nanoparticles (PMAA37-PHPMA300) and a molecularly 

soluble PMAA37-PGMA72 diblock copolymer were also exam-

ined as reference materials. 

Calcium Carbonate Precipitation.  Calcium carbonate was 

precipitated using the ammonium diffusion method, where 

CaCl2 solutions were mixed with nanoparticles at [Ca2+] = 1–5 

mM and [polymer] = 0.0 - 0.1 wt%, before exposing to am-

monium carbonate vapor.24  Initial screening experiments con-

firmed that single crystals of calcite formed at [Ca2+] = 1.25 

mM over a wide concentration of additives, whereas many 

aggregated and inter-grown crystals formed at [Ca2+]  2.5 

mM (Figures SI 3 and SI 4).  A concentration of [Ca2+] = 1.25 

mM was therefore used for all subsequent experiments.  The 

initial pH of the reaction solutions was in the range 6-7, and 

then increased to pH ≈9 due to diffusion of ammonia gas into 

the reaction solution.  The pH remains constant at this value 

for the duration of the experiment.24  The carboxylate groups 

are therefore predicted to be fully deprotonated under these 

conditions.  Crystal sizes and morphologies were determined 

using optical microscopy (OM) and scanning electron micros-

copy (SEM), and the crystals were confirmed to be predomi-

nantly calcite by Raman microscopy; other polymorphs were 

rare (Figure SI 5).  A summary of the influence of the co-

polymer nanoparticles on the crystal morphology and occlu-

sion is provided in Table 1. 

 

Polymer 
Maximum  

Aspect Ratio 
Incorporation 

10:90 L-COOH/ M-OH 2.1 Poor 

20:80 L-COOH/ M-OH 2.1 Poor 

30:70 L-COOH/ M-OH 2.1 Poor 

50:50 L-COOH/ M-OH 2.9 Good 

50:50 S-COOH/ M-OH 2.2 Good 

50:50 S-COOH/ S-OH 2.3 Good 

100 S-COOH 2.4 Good 

Table 1.  Summary of the influence of the co-polymer nanoparti-

cles on the crystal morphologies and occlusion. 

  

Figure 2.  SEM images recorded for calcite crystals precipitated 

in the presence of L-COOH/M-OH nanoparticles comprising 10-

30 mol% L-COOH. 

Figure 2 shows images of calcite crystals precipitated in the 

presence of nanoparticles whose compositions were varied 

systematically from 10:90 L-COOH/M-OH to 30:70 L-

COOH/M-OH.  Similar particle sizes and numbers of particles 

were generated under each condition.  The 50:50 L-COOH/M-

OH nanoparticles possess much smaller particle sizes and are 

therefore considered separately.  All crystals exhibited highly 

roughened surfaces and were elongated parallel to the c-axis.  

This morphology is common for calcite precipitated in the 
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presence of soluble additives with carboxylic functional 

groups and some inorganic ions including Mg2+ and Co2+,25-27 

and is indicative of the preferential interaction of the additive 

with step/kink sites on the acute steps on the growth face of 

calcite.  This results in a pile-up of {104} steps in the equato-

rial zone of the crystal, which translates into the macroscopic 

morphologies observed.   

 

Figure 3.  (a) Relationship between the carboxylate content of the 

various nanoparticle additives employed in this study and the 

mean aspect ratio (crystal length along c-axis/a-axis) of the calcite 

crystals grown in their presence.  (b) The same data are shown 

over a narrower range of [COOH]. 

Experiments were conducted at fixed COOH concentrations 

between 0.02 mM and 1.1 mM. All three types of nanoparti-

cles yielded elongated crystals at both COOH concentrations, 

where this was slightly more pronounced for the 30:70 L-

COOH/M-OH nanoparticles (Figures 2 and SI 6).  This trend 

can be illustrated by plotting the mean aspect ratio of the crys-

tals against [COOH] (Figure 3).  Comparable behavior was 

obtained for all three types of nanoparticles, where the aspect 

ratios of the crystals increased significantly as the [COOH] is 

increased to  0.11 mM, and then plateaus with further in-

crease in [COOH] to reach aspect ratios of ≈ 2.   Notably, the 

more pronounced morphological effect of the 30:70 L-

COOH/M-OH nanoparticles is achieved despite their concen-

tration being only one-third that of the 10:90 L-COOH/M-OH 

nanoparticles (the correspondence between the concentrations 

of the nanoparticles and the COOH groups is summarized in 

Table SI 1).  This demonstrates that elongation of the CaCO3 

crystals is governed by the overall [COOH] concentration, and 

is not limited by the nanoparticle concentration. 

Interestingly, the 50:50 L-COOH/M-OH nanoparticles had a 

much greater effect on the crystal morphologies than their less 

acidic counterparts, where this was apparent even at low con-

centrations (Figures 2, 3, 4 and SI 7).  Although these smaller 

nanoparticles (40 nm diameter) are present at a higher number 

concentration than the three other types of nanoparticles exam-

ined in this series, this difference does not account for the ob-

servations; the 10:90 L-COOH/M-OH nanoparticles are pre-

sent at an even higher number concentration, yet have a small-

er effect on morphology (Figure 2c vs 2j).  

 

Figure 4.  SEM images recorded for calcite crystals precipitated 

in the presence of 50:50 COOH/OH nanoparticles using [COOH] 

= 0.022 mM, 0.11 mM, 0.44 mM or 1.1 mM.  The nanoparticles 

comprise various relative stabilizer block DPs (L-COOH/M-OH, 

S-COOH/M-OH and S-COOH/S-OH. 

Further insight into the parameters that govern the activity 

of these strongly-interacting 50:50 L-COOH/M-OH nanopar-

ticles was gained by modifying their coronas to adjust the rela-

tive lengths of the COOH and OH stabilizer chains.  50:50 

COOH/OH nanoparticles were therefore prepared using stabi-

lizer chains of differing mean degrees of polymerization (and 

hence length): 50:50 S-COOH/M-OH and 50:50 S-COOH/S-

OH (Figure 1).  These nanoparticles exhibited zeta potentials 

of  -20 mV at pH 9 (Figure SI 2).  Both had significant ef-

fects on the crystal habit at low concentrations, and ultimately 

induced mean aspect ratios of 2.25 and 2.27 respectively (Fig-
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ures 3, 4 and SI 7).  However, the elongation was not as pro-

nounced as the aspect ratio of 2.87 obtained using the 50:50 L-

COOH/M-OH nanoparticles. 

 

Figure 5.  SEM images of calcite crystals precipitated in the pres-

ence of nanoparticles whose coronas comprise solely PMAA37 

chains (i.e. 100% S-COOH): (a) [COOH]= 0.055 mM, (b) 

[COOH] = 0.11 mM, (c) [COOH]= 0.55 mM and (d) [COOH]= 

1.1 mM.  

 

Figure 6.  SEM images of calcite crystals precipitated in the pres-

ence of a water-soluble double-hydrophilic PMAA37-PGMA72 

diblock copolymer using (a) [COOH] = 0.048 mM, (b)[COOH] = 

0.12 mM, (c) [COOH] = 0.48 mM and (d) [COOH] = 1.2 mM.  

A number of reference experiments were also conducted.  

100 % COOH functionalized nanoparticles (80 nm diameter 

PMAA37-PHPMA300 and 100 nm PMAA71-PHPMA300) proved 

to be less effective than any of the other nanoparticles in in-

ducing a change in crystal morphologies at low [COOH] (Fig-

ures 3 and 5).  However, previous evaluation of the 100% L-

COOH nanoparticles11 showed that these were more effective 

than the 100% S-COOH particles, due to the greater flexibility 

of the chains (Figure SI 8).  A water-soluble double-

hydrophilic PMAA37-PGMA72 diblock copolymer was also 

evaluated (Figure 6).  This copolymer had a much more grad-

ual effect on the crystal morphology than the nanoparticles 

(Figures 3 and 6) such that the mean aspect ratio was only 1.7 

at a [COOH] of 1.2 mM.  Clearly, nanoparticle additives sig-

nificantly outperform comparable water-soluble di-block co-

polymer as crystal habit modifiers for calcite. 

 

Figure 7. SEM images recorded for cross-sections, prepared by 

focused ion beam(FIB) milling, of calcite crystals precipitated in 

the presence of nanoparticles with the following compositions: (a) 

10:90 L-COOH/M-OH, (b) 20:80 L-COOH/M-OH and (c) 30:70 

L-COOH/M-OH at [COOH] = 0.11 mM. (SEM images of crystals 

prepared by manually fracturing are shown in Figure SI 10). 

Incorporation: The relationship between nanoparticle struc-

ture and their occlusion efficiency was also investigated.  Af-

ter each experiment, the internal structure of the calcite crys-

tals was imaged either after their manual fracture or by sec-

tioning individual crystals using a focused ion beam (FIB).  

Nanoparticles containing 10-30 mol% L-COOH stabilizer 

chains were only occluded at relatively low levels, and tended 

to be localized towards the middle of the host crystals rather 

than around their periphery (Figure 7, SI 9 and SI 10).  Much 

greater, and more uniform occlusion was achieved when the 

carboxylate content of the nanoparticles was increased to 50 
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mol% (Figure 8a-f).  This was supported by image analysis, 

which indicated that the mean inter-particle distance was ≈ 30 

nm for the 50 mol% L-COOH nanoparticles, as opposed to ≈ 

200 nm for the 10-30 mol% L-COOH nanoparticles (within 

the high occlusion zones of the crystals). Thermo-gravimetric 

analysis (TGA) was also used to estimate the degree of occlu-

sion of the copolymer particles within the crystals. This sug-

gested that a minimum of 8 wt% of polymer for 50:50 L-

COOH/M-OH particles and 3 wt % for 30:70 L-COOH/M-

OH particles (Figure SI 11, which also provides a full descrip-

tion of the analysis).  Notably, the 50 mol% S-COOH and 100 

mol% S-COOH nanoparticles (Figure 8g-h) were also effi-

ciently occluded, despite having only moderate morphological 

effects.  This demonstrates that morphological changes are not 

necessarily correlated with nanoparticle incorporation effi-

ciency.  

 

Figure 8. SEM images of cross-sections through calcite crystals 

precipitated in the presence of nanoparticles, (a, b) 50:50 L-

COOH/M-OH, (c, d) 50:50 S-COOH/M-OH, (e, f) 50:50 S-

COOH/S-OH and (g, h) 100 S-COOH at [COOH] = 0.055 mM. 

These cross-sections were prepared by manually fracturing the 

crystals in each case. 

Discussion 

Given the importance of soluble additives in controlling crys-

tallization processes, significant efforts have been made to 

determine the underlying mechanisms.  Many in vitro crystal-

lization experiments have used proteins extracted from calci-

um carbonate biominerals, where these biomolecules are usu-

ally intrinsically disordered28 and highly acidic.29, 30  These 

additives often modify crystal morphologies and can function 

as inhibitors for calcite growth28, 31, 32  There are also examples 

of proteins acting as growth promoters.31, 33 and polymorph 

selectors.29, 34 However, the acidic nature of these proteins, and 

the problems associated with extracting them from biominer-

als in their native states, have made it challenging to establish 

structure/ function relationships for individual proteins.32, 35   

Many studies have therefore investigated the activities of 

small molecules and polymers containing chemical functional 

groups such as carboxylates,25 sulfonates,26, 36, 37 hydroxyls38-40 

and phosphonates/phosphates,41, 42 where these have again 

demonstrated the activity of anionic functional groups.  Build-

ing in complexity, a number of studies have employed model 

additives that exhibit multiple functional groups such as syn-

thetic peptides,43-45 double-hydrophilic block copolymers46, 47 

and co-peptoids.48 Combinatorial approaches also provide a 

promising means of identifying effective combinations of sol-

uble additives that can actively control crystallization.49-52  

Given the well-defined size, composition and structure of 

the nanoparticles studied in this work – and their resemblance 

to the proteins associated with biomineralization – they pro-

vide an excellent opportunity to probe crystal/ organic additive 

interactions.15 It is noted that our study focusses on the influ-

ence of the particle additives on crystal growth rather than 

nucleation.  However, as we obtain single crystals of calcite 

with comparable sizes under all conditions, this suggests that 

the contrasting particles have similar effects on nucleation.  

Our data confirm that the presence of COOH groups on the 

surfaces of the nanoparticles are key to their activity as crystal 

growth modifiers, and to their efficient occlusion within the 

crystal lattice.  However, the relationship between activity and 

the COOH content of the nanoparticles (and the precise spatial 

location of these COOH groups) is complex, such that 50:50 

L-COOH/M-OH nanoparticles are actually more active than 

fully acidic nanoparticles.  

The interaction of additives with growing crystal surfaces is 

principally governed by three processes: (1) penetration of the 

water layer, (2) access to active binding sites (particularly kink 

sites), and (3) detachment.  While changes in crystal habit 

directly correlate with changes in growth rate, and can occur 

whether additive binding is reversible or irreversible, incorpo-

ration can occur without any change in the growth rate.53  The 

latter behavior was observed in an AFM study of the incorpo-

ration of block copolymer micelles within calcite.15  However, 

a positive correlation between these two phenomena is known 

for many additives such as small molecules/ ions (eg Mg2+)26 

and amino acids,27 although occlusion of aspartic acid and 

glycine in calcite can occur at low additive concentrations 

without a concomitant change in crystal morphology.27 

It is well known that carboxylate groups bind directly to 

Ca2+ sites on calcite by surface chelation and electrostatic at-

traction.43 Such anionic groups may also chelate Ca2+ ions in 

solution, facilitating both their dehydration and mass transport 
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to the growth front.54  The growth of poorly-soluble crystals 

such as calcite is primarily limited by the availability of kink 

sites.53, 54 If sufficient additive is present to “irreversibly” bind 

(on the time-scale of crystal growth) to the available 

step/kinks, then increasing the additive concentration further 

will have little discernible effect.  This is seen here with the 

50:50 L-COOH/M-OH nanoparticles, where morphological 

and incorporation plateaus are reached at very low concentra-

tions of particles.  In contrast, the crystal aspect ratios continue 

to increase when the concentrations of the more weakly-

binding 10-30 mol% L-COOH nanoparticles are increased 

within the concentration range investigated in our experi-

ments.  Although these additives can access the growing crys-

tal surface and bind sufficiently strongly to induce a change in 

morphology, their residence time is too short to enable effi-

cient incorporation.  In this case, increasing the nanoparticle 

concentration results in higher incorporation levels as kink 

sites become saturated with nanoparticles. 

The far greater activity of the 50 mol% L-COOH nanoparti-

cles must therefore derive from a balance between their ability 

to (i) access the crystal surface and step/kink sites, (ii) achieve 

high contact probability and (iii) achieve long retention times.  

Importantly, the presence of non-ionic hydroxyl-

functionalized chains within the nanoparticle corona modu-

lates their activity - and can even enhance the interaction with 

the growing crystal faces.  A recent study found that hydroxyl-

citric acid is a far more potent crystal growth additive for cal-

cium oxalate than citric acid55 and hydroxyl chains have been 

suggested to exhibit longer residence times on calcite {104} 

terraces than on steps (where they are readily replaced by wa-

ter).56, 57  Similarly, studies of calcite growth in the presence of 

hybrid peptoids that have backbones comprising hydrophobic 

and carboxylate blocks suggest these contrasting functional 

moieties exert cooperative effects.  Although these additives 

bind to the crystals via their acidic blocks, the hydrophobic 

blocks play key roles by disrupting the water layer on the crys-

tal and providing additional hydrophobic interactions.48, 58 

Nanoparticle activity is also associated with the flexibility 

of the steric stabilizer chains and the accessibility of the car-

boxylate groups located within the coronal layer.  It is striking 

that the 10-30 mol% L-COOH/M-OH nanoparticles (zeta po-

tential = -40 mV) exhibit comparable morphological effects to 

the 50:50 S-COOH/M-OH particles (zeta potential = -20 mV).  

This suggests that the electrophoretic footprint of such nano-

particles does not play a significant role in determining their 

activity. Similar observations were made for occlusion exper-

iments involving ≈ 200 nm polystyrene latex particles func-

tionalized with surface carboxylate groups.  These particles 

had little effect on the crystal morphologies and were poorly 

occluded, despite being strongly anionic.13  Relatively long, 

flexible stabilizer chains are required to provide the conforma-

tional freedom that is essential for binding to active sites, 

while the multiple carboxylate groups in each chain promote 

strong binding. 

 

Conclusions 

A series of sterically-stabilized nanoparticles comprising 

mixed coronas of carboxylate and hydroxyl stabilizer chains 

have been used to elucidate the design rules that govern the 

influence of nanoparticles on the growth of calcite crystals.  

Both the overall anionic character of the nanoparticles and the 

spatial location of the carboxylate groups (either on the sur-

face of the particles or embedded within their coronas) influ-

ence the crystal morphology and the occlusion of nanoparti-

cles with the crystal. Remarkably, nanoparticles comprising 

50:50 carboxylate/hydroxyl stabilizer chains were significant-

ly more active than the corresponding nanoparticles containing 

100% carboxylate stabilizer chains.  This suggests that there is 

an optimal carboxylate content for efficient occlusion.  This 

finding is of particular interest with respect to the activity of 

the soluble proteins that direct calcium carbonate biominerali-

zation, which often comprise at least 50% acidic amino acid 

residues.30, 59  Our data therefore suggest that organisms may 

be able to tune and optimize the activity of these control mac-

romolecules through judicious selection of the non-acidic resi-

dues.  Finally, our results demonstrate that morphological 

changes cannot be used as a proxy for incorporation, where 

these processes can occur independently. 

 

Experimental Methods 

A full description of the materials and methods are given in 

the Supporting Information. 

Polymer Synthesis and Characterization.  A series of steri-

cally-stabilized diblock copolymer nanoparticles were pre-

pared via polymerization-induced self-assembly (PISA) via 

RAFT aqueous dispersion polymerization using binary mix-

tures of the precursor stabilizer blocks to adjust the anionic 

charge density within the coronal layer. Specifically, a series 

of poly(glycerol methacrylate) (PGMA) and poly(methacrylic 

acid) (PMAA) macro-CTAs were first prepared in turn via 

RAFT solution polymerization in ethanol, followed by purifi-

cation and isolation. These macro-CTAs were then mixed at 

various molar ratios prior to the RAFT aqueous dispersion 

polymerization of 2-hydroxypropyl methacrylate (HPMA).  

The resulting nanoparticles had hydrophobic spherical cores 

comprising poly hydroxylpropyl methacrylate (PHPMA) 

chains and hybrid coronas composed of entropically mixed 

anionic PMAA and non-ionic PGMA stabilizer chains.  The 

nanoparticle morphology was characterized by TEM using a 

uranyl formate stain.  DLS and aqueous electrophoresis stud-

ies were conducted using a Malvern Instruments Zetasizer 

Nano series instrument. Measurements were performed in the 

presence of 10-3 m background salt (KCl).  The solution pH 

was adjusted by addition of either 0.01 m HCl or 0.01 m KOH 

using an autotitrator. 

CaCO3 Precipitation and Analysis.  Calcium carbonate was 

precipitated using the ammonium carbonate diffusion 

method24 in the presence or absence of nanoparticles (or mo-

lecularly dissolved copolymer).  This was typically carried out 

in either 12 or 25 multi-well plates each containing 2.0 mL 

crystallizing solution and a couple of pre-cleaned slides placed 

at the base of the each well. Crystallization was typically al-

lowed to proceed overnight.  Raman spectra were recorded 

using a Renishaw 2000 Raman microscope operating with a 

785 nm diode laser. These spectra were used to identify the 

polymorph of individual CaCO3 crystals, while crystal mor-

phologies were assessed using optical microscopy and SEM.  

The spatial distribution of nanoparticles within these CaCO3 

crystals was analyzed using SEM after either manually break-
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ing the crystals or using FIB milling to generate a cross-

section. 
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Materials, detailed synthesis and characterization methods and 
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